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Abstract 
Photosynthetic activity of three seagrass species, Posidonia sinuosa Cambridge et Kuo, 
Posidonia australis Hook. f. and Halophila ovalis (R. Br.) Hook., growing in Cockburn 
Sound, Western Australia, was assessed using an underwater pulse amplitude modulated 
fluorometer (Diving-PAM).  The study aimed to determine possible causes and the 
extent of stress to seagrasses during transplantation, so that rehabilitation efforts can be 
improved by reducing stress during the transplant process. 
 
Absorptance factors for each species were determined as 0.64 ± 0.04 for P. sinuosa, 
0.59 ± 0.02 for P. australis and 0.55 ± 0.02 for H. ovalis, which were substantially 
lower than previously reported photosynthetic absorption factors. Transmittance, 
reflectance and non-photosynthetic absorptance of light diverted between 35-45% of 
irradiance from use in photosynthesis.  An investigation of potential errors during 
measurement of rapid light curves (RLCs) reinforced the importance of ensuring that 
leaves remained stationary in the Universal Sample Holder.  Any movement of seagrass 
leaves resulted in incorrect measurements of electron transport rates (ETR). 
 
A study on seasonal photosynthetic rates of each species found that maximum ETR 
(ETRmax) varied seasonally and among species.  The highest ETRmax for each species 
occurred during summer, when ambient irradiances were at a maximum, and decreased 
during autumn.  H. ovalis had the highest overall ETRmax  in  summer,  followed  by         
P. australis and P. sinuosa. Effective quantum yield (ΔF/Fm′) of each species varied 
seasonally, changing inversely with irradiance, which agrees with previously reported 
studies.  ETRmax for each species also showed a diurnal pattern coincident with 
irradiance throughout the day.  The ΔF/Fm′ for all species demonstrated a diurnal 
decrease in photosynthetic efficiency coincident with the midday irradiance maximum.  
Large natural variation in ETR was detected in all species, indicating that the effects of 
external stress on ETR may be difficult to detect.     IV
Two adjacent, physically separated seagrass meadows were examined to determine if 
apparent visual differences between the sites were reflected by measured physical and 
photosynthetic characteristics.  ETR, leaf area index and sediment grain size differed 
between sites, but ΔF/Fm′, canopy height, shoot density and epiphyte biomass did not, 
indicating a poor connection between physical and photosynthetic characteristics at 
these two meadows.  Therefore caution should be used when attempting to visually 
assess the photosynthetic activity of a site based on physical characteristics. 
 
Changes in photosynthetic activity were monitored to determine seagrass stress during 
transplantation, and post-transplantation recovery.  Two transplantation methods, sprigs 
and plugs, were examined, and photosynthetic activity was compared before, during and 
after transplantation.  ETRmax of sprigs took one to two months to increase to the same 
level recorded at a control meadow, primarily due to desiccation stress suffered during 
transport.  The ΔF/Fm′ decreased below 0.2 after transplantation, but fully recovered 
after three months.  Survival of sprigs was reduced due to strong currents and heavy 
epiphytic fouling.  The ETRmax of transplanted plugs (5, 10 and 15 cm diameter) took up 
to one week to recover to the same level recorded at a control meadow.  Survival of 
plugs was reduced due to winter swells and storms.  Since the leading human-controlled 
cause of transplant failure was desiccation stress, future transplanting efforts should 
endeavour to keep seagrasses submerged at all times during the transplanting process.    V
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1.   Introduction 
 
1.1  Seagrass ecosystems 
Seagrasses are a specialised group of flowering plants believed to have returned to the 
marine environment and adapted to living completely submerged (McComb et al. 1981; 
Robertson 1984).  Worldwide, seagrasses are represented by 57 species (den Hartog 
1970; Kuo and McComb 1989).  Twenty-five species  occur  along  the  coast  of         
Western Australia, with 15 species on the southern coast of the State (Kirkman and Kuo 
1996).  Seagrasses occupy approximately 20,000 km² along the West Australian coast, 
making up a major component of near-shore ecosystems (Kirkman and Walker 1989; 
Kirkman and Kuo 1990; Walker 1991).   
 
Seagrass meadows rank alongside coral reefs and mangrove ecosystems in terms of 
productivity (McRoy and McMillan 1977; Ogden 1980).  They support complex food 
webs, dominated in temperate waters by detrital-based food chains (Fenchel 1977; 
Kirkman and Reid 1979).  The major ecological importance of seagrass meadows is in 
relation to their associated biota, as a food resource and as a structural habitat or shelter 
(King 1981).  Seagrass meadows are breeding and nursery grounds for fish and 
invertebrate species, many of which are commercially important (Gray et al. 1996; 
Jenkins et al. 1997; Gray et al. 1998).  Dugongs, turtles, birds and fish are among the 
few species that consume seagrasses directly (Jacobs et al. 1981; Poiner and Peterken 
1995; Rivers and Short, in review). 
 
Seagrass meadows promote sediment and nutrient filtration through the direct trapping 
of suspended particles and the retention of organic matter (Short and Wyllie-Echeverria 
1996; Walker et al. 1996; van Keulen 1998; Terrados and Duarte 2000).  Meadows act 
as baffles to wave action, decreasing the surrounding water flow, and the rhizome and   15
root systems contribute to the binding and stabilisation of sediments, potentially 
limiting coastal erosion (Kikuchi and Peres 1977; Short and Wyllie-Echeverria 1996; 
Vermaat et al. 1996b).   
 
1.1.1  The loss of seagrass meadows 
Seagrass meadows in marine and estuarine waters are declining, with some 90,000 ha
 
already lost worldwide (Short and Wyllie-Echeverria 1996).  Disappearances of 
seagrass meadows are continuing along many coastlines due to increased turbidity and 
nutrients from urban and agricultural runoff (Short and Burdick 1996; Campbell and 
McKenzie 2004; Hale et al. 2004), and from excessive shading by algal blooms and 
epiphytes resulting from increased nutrient loading (Neckles et al. 1994; Valiela et al. 
1997; Hauxwell et al. 2003).  Dredging, land reclamation, mining, commercial fishing, 
propeller scarring and anchor damage also result in the direct loss of seagrass meadows 
(Zieman 1976; Larkum and West 1982; Thorhaug 1986; Dennison and Kirkman 1996; 
Short and Wyllie-Echeverria 1996; Dawes et al. 1997; Uhrin and Holmquist 2003).     
In Western Australia, the greatest decline occurred  in  Cockburn  Sound  between       
1954 and 1978.  An area of approximately 3,300 ha (78%) of seagrass meadows was 
lost due to industrial and nutrient inputs (Cambridge 1979; Cambridge and McComb 
1984).  Recent efforts to control the loss of seagrass habitat include reducing nutrient 
inputs into marine systems, increasing public awareness of seagrass values and 
transplantation projects aimed at directly restoring seagrass habitat (Davis and Short 
1997; Lord et al. 1999; Orth et al. 2002).  Seagrass restoration in particular has become 
more prominent in recent years and transplantation techniques are constantly being 
improved as this field of research develops. 
 
 
   16
1.1.2  Seagrass transplantation  
The earliest seagrass transplantation efforts were carried out by Addy (1947a; 1947b), 
who successfully attempted habitat restoration using vegetative stocks and seeds near 
Woods Hole, Massachusetts (Phillips and Lewis 1983).  Since then, transplant efforts 
have been undertaken in response to human-induced disturbances (Phillips 1974; 
Thorhaug 1983, 1985; Phillips 1990; Gordon 1996; Lord et al. 1999).  A review of 
Australian rehabilitation and restoration programs is presented in Lord et al. (1999). 
 
The Western Australian coastline differs from most other seagrass habitats due to its 
direct exposure to ocean swells and consequent high energy environment (Paling 1995; 
Lord et al. 1999; Paling et al. 2001a).  The exposed nature of the coastline has been 
cited as the major contributor to the failure of seagrass transplantation, combined with 
insufficient anchoring, which resulted in the loss of transplanted material (Cambridge 
1980; Hancock 1992; Walker 1994; Kirkman 1998; Paling et al. 2000; Tunbridge 2000; 
Campbell and Paling 2003; van Keulen et al. 2003).  The most successful method was 
the use of large seagrass units called sods (0.25 m² in area and 0.5 m deep).   
Mechanically operated harvesters extracted and transplanted more than 2000 sods near 
Cockburn Sound, Western Australia, with an average survival of 70% over three years 
(Paling et al. 2001a; Paling et al. 2001b).  The increased survival of sod transplants was 
due to improved anchoring properties of the larger bulk of sediment surrounding the 
plants and reduced disturbance of the rhizome (Walker 1994; Paling 1995; Paling et al. 
2001a). 
 
More recently during the summer of 2004/2005, one of the largest seagrass 
transplantation projects in Australia was carried out in Cockburn Sound as part of the 
Seagrass Research and Rehabilitation Plan, Project 3 (SRRP3, Paling and van Keulen 
2004).  Sods were considered unsuitable for this project due to the excessive costs   17
(AUD$200 per sod, Paling et al. 2002).  The SRRP3 project involved the transplantation 
of 1.4 ha of seagrass sprigs (Posidonia sinuosa and Posidonia australis).  The seagrass 
material was removed from a donor meadow located at Parmelia Bank, which is 
currently being dredged for limestone sand material, and replanted at Southern Flats at 
the southern reaches of Cockburn Sound.  As part of this restoration project, 
photosynthetic activity of the transplanted seagrasses was monitored to determine the 
extent and possible causes of stress to seagrasses during transplantation.   
 
1.2  Photosynthesis and primary production  
Most life on earth, with the exception of deep-sea hydrothermal vents and cold seep 
communities, ultimately depends upon photosynthesis (Larkum 1981; Sibuet and Olu 
1998; Van Dover 2000; Van Dover et al. 2002; Tyler and Young 2003).  Photosynthesis 
is the biological conversion of light energy into chemical energy for use in living cells 
and can be expressed as:  
2 2
  chl   & light
2 2 O O CH O H CO + ⎯ ⎯ ⎯→ ⎯ +
α           (Equation 1) 
 
There are numerous techniques to examine photosynthetic rates and primary production.  
These include assessment of carbon dioxide exchange (Vollenweider 1974; Bittaker and 
Iverson 1976; Gilbert et al. 2000a), oxygen exchange (Strickland and Parsons 1972; 
Umbreit et al. 1972; Häder and Schäfer 1994; Longstaff et al. 2002; Carr and Björk 
2003), plant growth (Zieman 1974; West and Larkum 1979; Kowalski et al. 2001), and 
chlorophyll fluorescence (Schreiber et al. 1995; White and Critchley 1999; Gilbert et al. 
2000b; Ralph et al. 2005; Schreiber in press).  Measurement of photosynthesis in this 
study was achieved using chlorophyll fluorescence with an underwater fluorometer. 
 
1.2.1  Measuring photosynthesis using chlorophyll fluorometry 
Chlorophyll fluorescence measurements have been used in the assessment of 
photosynthetic rates (Krause and Weis 1991) and are useful in the analysis of   18
photosynthetic activity of plants under normal and stressed conditions (Schreiber and 
Bilger 1987; Ralph 1998a, 1998b; Ralph and Burchett 1998b; Parkhill et al. 2001).  The 
technique is both non-invasive and non-destructive to plants, providing information 
about photosynthetic performance in a matter of seconds (Hall and Rao 1999).  These 
advantages encouraged the use of fluorometric-based instruments to measure 
photosynthetic characteristics (Seaton and Walker 1990) and subsequently the pulse 
amplitude modulated (PAM) fluorescence method has been widely used (Schreiber et 
al. 1995).  The Diving-PAM (Walz GmbH, Effeltrich, Germany) used in this study is a 
compact fluorometer ideally suited for the rapid determination of photosynthetic 
activity in the field, having been designed for underwater measurements to a depth of  
50 m (Heinz Walz GmbH 1998).  Krause and Weis (1991) and Govindjee (1995) 
explain the basics of photosynthesis and chlorophyll fluorescence in detail, therefore it 
will not be dealt with here. 
 
Photosynthesis can only occur in plants when there is sufficiently long actinic radiation 
and a supply of water and CO2 molecules (Rohácek and Barták 1999).  Light (photons) 
entering the chloroplasts is absorbed by chlorophyll pigments embedded within 
photosystems in the thylakoid membrane (Schreiber 1997).  The excitation energy is 
transferred to the reaction centres of photosystems 2 (PSII) and 1 (PSI).  The energy 
then drives primary photochemical reactions that start the energy conversion within the 
chloroplast (Govindjee and Govindjee 1975).  This photochemical pathway involves a 
charge separation and electron transport via a set of carriers, and is accompanied by two 
competitive pathways of de-excitation: thermal dissipation of heat and chlorophyll 
fluorescence (Rohácek and Barták 1999). Chlorophyll fluorescence is the emission of 
photons by the radiative de-excitation of excited chlorophyll molecules (Delosme 1967; 
Schreiber 1997; Rohácek and Barták 1999).  Fluorescence yield is highest when the 
yields of photochemistry and heat dissipation are lowest, therefore changes in   19
fluorescence yield reflect changes in both photochemical efficiency and heat dissipation 
(Schreiber et al. 1995; Schreiber 1997). An opposing relationship between 
photochemical and non-photochemical (heat and fluorescence) processes can be 
assumed. Therefore an increased consumption of excitation energy in the photochemical 
pathway, or its increased heat dissipation, leads to the quenching, or reduction, of 
chlorophyll fluorescence yield (Rohácek and Barták 1999).  Measuring the changes in 
chlorophyll fluorescence over time allows the determination of plant photosynthetic 
activity (Bradbury and Baker 1981, 1984; Schreiber et al. 1986; Schreiber et al. 1994). 
 
The potential quantum yield of photosynthesis, or  Fv/Fm   (measured under 
dark-acclimated conditions), can act as an indicator of photoinhibition or other injury of 
the PSII complex (Rohácek and Barták 1999).  Fv/Fm is almost constant for many 
different terrestrial plant species and ecotypes.  Under non-stressed conditions, Fv/Fm is 
approximately 0.832 (Björkman and Demmig 1987).  In stressed or damaged plants,   
Fv/Fm is markedly reduced, indicating possible PSII damage.  
 
Effective quantum yield, or ΔF/Fm′ (measured under steady-state illumination, as 
prevailing under in situ conditions), is used to measure the efficiency of the 
photochemical processes in PSII.  Genty et al. (1989) described the linear relationship 
between the chlorophyll a fluorescence parameter and the quantum yield of 
photosynthesis.  Effective quantum yield of photochemical energy conversion can be 
expressed as: 
Yield = (Fm′-F) / Fm′ = ΔF/Fm′                           (Equation 2) 
where Fm′ = light-acclimated maximal fluorescence and F = fluorescence yield for a 
given light state before a saturating pulse.  
 
Electron transport rate (ETR) measurements can be used to make conclusions about 
photosynthetic activity and capacity of leaves (Lichtenthaler 1988, 1990).  ETR takes   20
into account effective quantum yield, the actual irradiance and two semi-empirical 
factors (Weis and Berry 1987; Rohácek and Barták 1999), and can be expressed as: 
ETR = quantum yield ([Fm′-F]/ Fm′) × PAR × AF × 0.5    (Equation 3) 
where Fm′ = light-acclimated maximal fluorescence, F = fluorescence yield for a given 
light state before a saturating pulse, PAR = intensity of the photosynthetically active 
radiation (400 – 700 nm), AF = average light absorption (absorptance) of seagrass 
leaves (see Chapter 2), and 0.5 corrects for two photons which must be absorbed by 
PSII and PSI per one electron transported.  The ratio of PSII to PSI is widely accepted 
as being 0.5 for seagrasses (Major and Dunton 2002).  The units of ETR are                         
µmol electron m
-² s
-¹, and PAR are µmol quanta m
-² s
-¹.   
 
Changes in Fv/Fm , ΔF/Fm′ and ETR are effective measures to identify photosynthetic 
stress in seagrasses.  In this study, these photosynthetic characteristics were used to 
identify stress during transplantation and monitor recovery afterwards.   
 
The use of PAM fluorescence as a valid proxy for photosynthetic production has been 
cautiously verified (Beer and Axelsson 2004; Silva and Santos 2004).  Photosynthetic 
characteristics of seagrasses have traditionally been studied by measuring oxygen 
evolution using Clark-type electrodes in the laboratory (Silva and Santos 2004), but this 
method is intrusive as it involves removing plant material from its natural environment 
(Beer et al. 1998).  Fluorescence measurements provide an alternative, non-destructive 
method and allow determinations to be made in the field (Schreiber and Bilger 1993; 
Beer and Björk 2000).  Beer and Axelsson (2004) and Silva and Santos (2004) have 
indicated that caution must be exercised when relating ETR to rates of photosynthetic 
O2 evolution.  Beer and Axelsson’s study indicated that at low irradiances there was a 
clear positive correlation between O2 evolution and fluorescence-based ETR for algae, 
and that a molar ratio close to 0.25 existed between these two measures.  However, at   21
high irradiances algae showed an apparent decrease in ETR, while O2 evolution 
remained constant.  It was also reported that the irradiance at which the correlation 
between O2 evolution and ETR failed varied with species and previous light history 
(Beer and Axelsson 2004). Silva and Santos (2004) concluded that the use of PAM 
fluorescence is a valid proxy for photosynthetic production at  low  irradiance                  
(35 - 490 µmol quanta m
-2 s
-1), assuming that the electron sinks responsible for the molar 
ratio deviation remain constant under similar experimental conditions. Increases in 
processes like the Mehler-ascorbate-peroxidase reaction and photorespiration 
(Barranguet and Kromkamp 2000; Longstaff et al. 2002) have been identified as 
possible causes for the loss of correlation at saturating light levels. Electron cycling 
around PSII and non-photochemical quenching in PSII reaction centres have also been 
suggested as possibilities (Franklin and Badger 2001).   
 
1.2.2  Seagrass research using chlorophyll fluorometry 
The Diving-PAM has been used to compare in situ and laboratory-based photosynthetic 
rates of seagrasses in many studies.  Studies on the effects of high irradiance on 
seagrasses have reported decreases in photosynthetic activity and significant 
photoinhibitory responses with high irradiance (Ralph and Burchett 1995; Ralph 1999).  
Conversely, light reduction caused by increased turbidity (Ruiz and Romero 2001, 
2003) and increased depth (Schwarz and Hellblom 2002; Durako et al. 2003) resulted in 
a decrease in seagrass photosynthetic activity.   
 
Diurnal studies have reported that photosynthetic activity generally follows the daily 
irradiance pattern, increasing to a midday peak, then decreasing through the afternoon 
(Ralph 1996; Durako and Kunzelman 2002; Campbell et al. 2003; Silva and Santos 
2003).  Sometimes a midday depression in photosynthetic activity was observed under 
high irradiance (Ralph et al. 1998; Beer and Björk 2000; Runcie and Durako 2004),   22
which has been proposed to protect the photosynthetic apparatus from extreme 
irradiance (Demmig-Adams et al. 1989; Henley 1993). 
 
Studies on the effects of desiccation and temperature stress on seagrass photosynthesis 
indicate that seagrasses are susceptible to desiccation, by showing limited or slow 
recovery after extended periods out of the water or at elevated water and air 
temperatures (Ralph 1998b; Björk et al.  1999;  Seddon  and  Cheshire  2001).        
Osmotic stress was found to have a significant deleterious effect on the photosynthetic 
activity of seagrasses (Ralph 1998a).  Studies on the effects of heavy metals indicate that 
some heavy metals, such as copper and zinc, have substantially greater impacts on 
chlorophyll a fluorescence than other metals, such as lead and cadmium (Ralph and 
Burchett 1998b; Macinnis-Ng and Ralph 2002, 2004b).  Multiple pulses of metal and 
herbicide had a greater impact on photosynthesis than a single pulse (Macinnis-Ng and 
Ralph 2004a).   Petrochemical exposure had a limited impact on the photosynthetic 
process of Halophila ovalis, while laboratory samples of Zostera capricorni were more 
severely impacted than in situ samples (Ralph and Burchett 1998a; Macinnis-Ng and 
Ralph 2003). 
 
Photosynthetic activity has also been found to vary along the length of the leaf and with 
leaf age, with higher activity occurring near the base of the leaves and in younger leaves 
(Horn 2001; Durako and Kunzelman 2002; Enríquez et al. 2002; Ralph et al. 2005).  
Consequently it is important to take into account shoot-to-shoot variability when 
estimating ETR in the field (Runcie and Durako 2004). 
 
Spatial variation in photosynthetic activity and seagrass morphology was reported along 
coastal sites and near coastal constructions (Campbell et al. 2003; Ruiz and Romero 
2003). Measurement of seagrass parameters along water quality gradients indicated   23
variance in morphological characteristics, with shoot density, leaf productivity and 
photosynthetic activity decreasing with reduced water quality (Campbell et al. 2003; 
Ruiz and Romero 2003; Balestri et al. 2004).  Generally, variability in density, 
morphology and growth exists on local scales, suggesting that sampling designs and 
analyses should incorporate spatial scales with appropriate replications when planning 
large-scale and long-term studies (Balestri et al. 2003). 
 
Increased solar UV radiation on seagrass decreases photosynthetic activity, but the 
decrease varies among species, with thicker-leaved species providing greater protection 
for UV-sensitive organelles (Dawson and Dennison 1996).  Transference studies, moving 
seagrasses from a deep meadow to shallow suspended boxes with different UV cut-off 
filters, concluded that UV radiation could trigger the induction of photoprotective 
mechanisms against high solar irradiance (Figueroa et al. 2002). Examination of 
seagrasses transplanted from deep to shallow areas reported a decrease in Fv/Fm and an 
increase in photosynthetic ETR (Durako et al. 2003).  Correspondingly, Fv/Fm increased 
and ETR decreased for shallow to deep transplants (Durako et al. 2003).   
 
Using chlorophyll fluorescence to assess the changes in photosynthetic activity of 
seagrasses during transplantation was recommended by Tunbridge (2000), who 
suggested that the quantification of transplant stress during each phase of the transplant 
process (extraction, transport, deployment and post-planting) may improve success.   
The present study applied the recommendation made by Tunbridge (2000) during the 
SRRP3 transplant effort in Cockburn Sound. 
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1.3 Aims 
The aim of this study was to use photosynthetic characteristics to determine the extent 
and possible causes of stress to seagrasses during transplantation, and to monitor 
recovery afterwards.  Identification of stresses during transplantation is central to 
rehabilitation efforts, and will improve success rates by increasing awareness of points 
of failure during the transplant process.   
 
This study first addressed the issue of determining appropriate leaf absorptance factors 
of several seagrass species, taking into account transmittance, reflectance and 
non-photosynthetic absorptance of light by the leaves.  Accurate absorptance factors 
would ensure that ETR, measured through chlorophyll fluorescence, would reflect 
actual rates as closely as possible.  It was also important to quantify the effects of 
potential errors during measurement of rapid light curves, as it was the author’s 
experience that there were several common problems when taking readings with the 
Diving-PAM. These issues are addressed in Chapter 2: Absorptance factors of 
Posidonia sinuosa, Posidonia australis and Halophila ovalis, and potential errors 
during measurement of rapid light curves. 
 
Natural temporal fluctuation of seagrass photosynthesis was determined in order to 
better understand the seasonal and diurnal variability in photosynthetic rates among the 
seagrass species growing in Cockburn Sound.  The results of these studies are presented 
in Chapter 3: Seasonal variation in the photosynthetic rates of Posidonia sinuosa, 
Posidonia australis and Halophila ovalis,  and Chapter 4: Diurnal variation in the 
photosynthesis of Posidonia sinuosa, Posidonia australis and Halophila ovalis. 
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A complementary study was conducted between two adjacent sites, which were 
separated by a causeway, in order to determine if apparent visual differences between 
the sites were reflected by measured physical and photosynthetic characteristics.  
Apparent differences between the two meadows - based on the author’s visual 
comparisons - were examined in terms of seagrass photosynthetic activity and meadow 
characteristics.  The results of these studies are presented in Chapter 5: Comparison of 
photosynthetic rates and meadow characteristics of two apparently different seagrass 
meadows. 
 
Tunbridge (2000) identified the need for the quantification of transplant stress during 
each phase of the transplant process.  The present study was conducted in order to 
examine the photosynthetic rates of transplanted seagrasses before, during and after 
transplantation.  The photosynthetic rates of transplants were compared to a 
naturally-occurring control meadow to determine if the transplants recovered to the 
same photosynthetic rate as naturally-occurring seagrasses and to establish the duration 
of the recovery process.  The results of these studies are presented in Chapter 6: 
Photosynthetic recovery and survival of Posidonia sinuosa sprigs and plugs after 
transplantation. 
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2.   Absorptance factors of Posidonia sinuosa, Posidonia australis and 
Halophila ovalis, and potential errors during measurement of 
rapid light curves 
   
2.1 Introduction 
Chlorophyll fluorescence techniques are a popular means for assessing the 
photosynthetic characteristics of seagrasses because they are non-invasive, quantitative 
and provide information about the photosynthetic efficiency of PSII (Beer et al. 1998; 
Ralph et al. 1998).  The Diving-PAM is the tool mostly being used for underwater       
in situ photosynthetic work.  However, there has been increasing concern regarding the 
use of an appropriate ETR-factor (absorptance factor) when determining in situ electron 
transport rates (ETRs) using the Diving-PAM (Runcie and Durako 2004).  To measure 
the photosynthetic rate of seagrasses using a Diving-PAM, it is first necessary to 
determine how much of the light reaching the leaves is absorbed and used in 
photosynthesis.  The absorptance factors of each seagrass species are then used to 
determine the ETR and subsequently the photosynthetic rate.  It has been recognised 
that the default value of 0.84, which is a representative value of total leaf-specific 
absorption for terrestrial plants (i.e. accounts for spectral reflectance, but not for 
non-photosynthetic tissue absorptance), is inappropriate for use with seagrasses 
(Björkman and Demmig 1987; Knapp and Carter 1998).  Reported values for the 
absorption factor for seagrass species range from 0.44 ± 0.02 for Zostera marina,     
0.50 ± 0.03 for Halophila stipulacea, 0.72 ± 0.11 for Cymodocea nodosa  to              
0.78 ± 0.04 for Thalassia testudinum (± SD, Beer et al. 1998; Durako and Kunzelman 
2002).  These values are significantly lower than the default ETR-factor of the 
Diving-PAM and still do not take into account non-photosynthetic absorptance of the 
leaves.     27
A study by Runcie and Durako (2004) has been one of the first to look into light 
absorptance and reflectance of seagrasses. Examination of Posidonia australis        
(New South Wales, Australia) showed that 16% of total spectral absorptance was used 
non-photosynthetically, and approximately 7% of incident photosynthetically active 
radiation (PAR) was reflected from the leaves. Cummings and Zimmerman (2003) 
reported that the photosynthetic pigments of T. testudinum and Z. marina seagrass 
leaves can absorb 48-56% of the incident PAR and that photosynthetic light harvesting 
by seagrasses is similar to both aquatic and terrestrial macrophytes.  These findings 
indicate that leaf-specific non-photosynthetic absorptance and spectral reflectance need 
to be taken into account when estimating ETR in the field (Runcie and Durako 2004).   
 
Another important factor to consider regarding accurate measurements of 
photosynthetic ETRs using the Diving-PAM are the conditions under which rapid light 
curves (RLCs) are taken.  Standard RLCs, as defined in this study, were taken under the 
following conditions: leaves were shaded from ambient light; leaves were not moving in 
the Universal Sample Holder (Diving-USH); the light from the Diving-PAM fell fully 
on the leaves; the distance from the end of the fibreoptic probe to the leaves remained 
constant; and leaves carried no visible epiphytes.  However, due to the inherent 
difficulties of taking measurements in the field, it can be difficult to ensure that the 
standard treatment is used.  It is possible that seagrass leaves may move slightly within 
the Diving-USH or become shaded by the nearby seagrass canopy during fluorescence 
measurements and light curves.  Reasons for leaf slippage can include rough water 
movement, loose leaf clips or curious octopi (Figure 1).  Movement of the seagrass 
leaves in the Diving-USH may result in changes in the distance between the end of the 
fiberoptic probe and the surface of the leaves. In addition, leaf movement may cause 
inconsistent readings or may result in only a portion of the leaves being in the path of   28
the measuring light.  Erroneous readings may also result from epiphytes falling into the 
probe’s light path during RLCs.  As there is little published literature regarding the 
importance of correct measurement technique while using the Diving-PAM, this study 
aimed to determine the effect of possible errors on the accuracy of ETR measurements. 
 
The study described in this chapter determined appropriate absorptance factors for 
Posidonia sinuosa,  Posidonia australis and Halophila ovalis, taking into account 
transmittance, reflectance and non-photosynthetic absorptance of light by the leaves.  
This study also examined potential errors during measurement of RLCs, as it was the 
author’s experience that movement of seagrass leaves increased measurement 
variability when using the Diving-PAM.  The hypotheses tested were:  
1)  ETRs measured using standard RLCs are significantly different than ETRs where 
leaves are unshaded during RLCs, 
2)  ETRs measured using standard RLCs are significantly different than ETRs where 
leaves move in the Diving-USH during RLCs,   
3)  ETRs measured using standard RLCs are significantly different than ETRs where 
only half the light from the Diving-PAM falls on the edge of the leaves during 
RLCs, 
4)  ETRs measured using standard RLCs are significantly different than ETRs where 
the distance between the fibreoptic probe and the leaves change during RLCs, and 
5)  ETRs measured using standard RLCs are significantly different than ETRs where 
epiphytes fall into the light field of the Diving-PAM during RLCs.   
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2.2 Methods 
2.2.1   Determining the absorptance factor of seagrass leaves 
Fresh leaf samples of P. sinuosa, P. australis and H. ovalis were collected from 
Woodman Point, Western Australia (S 32° 08.180’, E 115° 44.745’), from a depth of  
1.5 m on 27 May 2004.  The samples were kept cool and dark until measurements were 
made the following day.  The absorptance factors of each species were measured in the 
laboratory using an integrating sphere spectrometer (Ocean Optics, USA) after the 
method described by Runcie and Durako (2004).  Fresh leaves were gently blotted with 
a tissue to remove water immediately before being placed into the optical path of the 
spectrometer.  Transmittance and reflectance of leaves were measured between 350 and 
800 nm, and were performed on five replicates each of P. sinuosa, P. australis and      
H. ovalis.  Non-photosynthetic absorptance was calculated as the absorptance of the leaf 
at wavelength 750 nm.  The absorptance factors obtained using this method were used 
in all subsequent chapters instead of the Diving-PAM’s default ETR-factor of 0.84. 
 
2.2.2  Potential errors during measurement of rapid light curves 
In order to examine potential errors during measurement of RLCs using the 
Diving-PAM, a pilot study was undertaken at Woodman  Point,  Western  Australia        
(S 32° 08.180’, E 115° 44.745’), on P. sinuosa leaves (1.9 – 2.0 m depth) during March 
2005.  In situ measurements were made on leaves growing within 10 cm of the edge of 
the meadow.   
 
2.2.2.1 Chlorophyll fluorescence measurements 
In situ fluorescence measurements were carried out with a Diving-PAM using SCUBA.  
The 5.5 mm active cross section fibreoptic cable (Diving-F) was used, and the 
Diving-PAM quantum sensor was calibrated against a Li-Cor sensor (LI-185B, Li-Cor 
Inc).  RLCs were measured using a pre-installed software routine, where the actinic 
illumination was incremented in nine steps beginning at a user-defined initial intensity 
(Heinz Walz GmbH 1998).  The duration of each step was set at 10 s.  RLCs were   30
measured at the base of rank two (second youngest) P. sinuosa leaves (40 - 60 mm from 
the leaf sheath).  Most of the leaves carried no visible epiphytic growth at the 
measurement sites and hence epiphyte removal (potentially resulting in damage to the 
leaves) was avoided.  The few epiphytised leaves present at the measurement site were 
chosen when the effect of epiphytes on RLCs was examined.  The absorptance factor 
used here was 0.64 for P. sinuosa, as calculated as part of this study (section 2.2.1).  
WinControl Software (Version 1.93 by Friedemann Schlosser) was used for data 
transfer and analysis.   
 
Five replicate RLC measurements were made between 0800 and 1040 h under each of 
the following conditions: 
1)  standard treatment: shaded from ambient light, leaf not moving in the Diving-USH, 
light falling fully on the leaf, constant distance from leaf to fibreoptic probe (7 mm), 
no visible epiphytes, 
2)  unshaded treatment: leaf not moving in the Diving-USH, unshaded from ambient light, 
3)  moving treatment: field of light from Diving-PAM moving along the leaf, shaded from 
ambient light (achieved by gently pulling the leaf through the Diving-USH during a 
light pulse, so that the light from the probe moved along the leaf by 5-10 mm, 
simulating the effect of a wave or current partially dislodging the leaf in the 
Diving-USH),  
4)  half-exposed treatment: field of light falling half on the edge of the leaf, while the 
other half shone past the leaf, shaded from ambient light, 
5)  changed-distance treatment: the distance between the end of the fibreoptic probe to 
the surface of the leaf was less than 2 mm, auto-zero not applied after changing the 
distance, shaded from ambient light, and 
6)  epiphytes treatment: epiphytes entering the field of light from the Diving-PAM, leaf 
shaded from ambient light. 
In subsequent chapters of this thesis the standard treatment was used.   31
2.2.3 Data  analysis 
Analyses to determine if absorptance factors were significantly different to traditionally 
used absorption factors were achieved using a two-way analysis of variance, or 
ANOVA (factors: species × factor).  Analyses to determine if changing the treatments 
during an RLC caused a significant difference in photosynthetic ETRs were achieved 
using two-way ANOVAs (factors: treatment × irradiance).  All assumptions for the 
ANOVAs were met; data were log transformed where necessary (Zar 1999).   
Treatments were considered different if ETRs were significantly different within any 
irradiance level, as detected with a post-hoc test.  As the hypotheses explicitly stated the 
investigation of post-hoc tests, a pair-wise comparison of the sample means was 
performed using the ‘Tukey’s honestly significant difference’ test (Tukey HSD).   
Probabilities of less than or equal to 0.05 were taken to be significant. Analyses were 
performed using JMP for Windows (Version 6.0, SAS Institute Inc.).   
   
RLC data was fitted to a curve as described by Ralph and Gademann (2005).  Empirical 
data were mathematically fitted to a double-exponential decay function (Platt et al. 
1980), using a Marquardt-Levenberg regression algorithm. 
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where Ps is a scaling factor defined as the maximum potential ETR in the absence of 
photoinhibitory processes, α is the initial slope of the RLC before the onset of saturation, 
Id is the down-welling irradiance (400 – 700 nm), and β characterises the slope of the 
RLC beyond the onset of photoinhibition (Henley 1993). In the absence of photoinhibition 
(or down-regulation), the function becomes a rectangular hyperbola (Harrison and Platt 
1986) with an asymptotic maximum ETR value and Equation 4 can be simplified to:   
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where Pm is the photosynthetic capacity at saturating light.  The parameter ETRmax was 
estimated using the following equation: 
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2.3 Results 
2.3.1 Absorptance  factor 
The absorptance factors of the three species studied were determined as 0.64 ± 0.04 for            
P. sinuosa, 0.59 ± 0.02 for P. australis and 0.55 ± 0.02 for H. ovalis (± SD, Table 1).  
The absorption factors (AF) of these species (traditionally  calculated  as                   
1 - (% transmittance / 100 ) ) were determined as 0.80 ± 0.03 for P. sinuosa, 0.86 ± 0.03 
for P. australis and 0.74 ± 0.03 for H. ovalis (± SD, Table 1).  A two-way interaction 
was detected between species and factor (F2,22 = 8.42, p < 0.05).  For each species, the 
absorptance factor (taking into account transmittance, reflectance and 
non-photosynthetic absorptance) was significantly lower than the traditionally used 
absorption factor (taking into account only transmittance, Tukey HSD, p < 0.05).  
 
The proportion of incident light transmitted through the seagrass leaves ranged from   
13 to 26%.  The proportion of incident light reflected from the seagrass leaves ranged 
from 4 to 7%.  Non-photosynthetic absorptance accounted for 10 to 22% of light 
reaching the seagrass leaves (Table 1). 
  
Table 1:   The absorptance factor (mean ± SD), absorption factor (AF), percent 
transmittance, percent reflectance and percent non-photosynthetic 
absorptance (at 750 nm) of Posidonia sinuosa,  Posidonia australis and 
Halophila ovalis growing at Woodman Point (n = 5). 
   Posidonia sinuosa  Posidonia australis  Halophila ovalis 
Absorptance Factor          0.64 ± 0.04 
A          0.59 ± 0.02 
AB        0.55 ± 0.02 
B 
AF (1- % transmittance/100)          0.80 ± 0.03 
C          0.86 ± 0.03 
C        0.74 ± 0.03 
D 
Transmittance (%)        19.90 ± 2.82        13.71 ± 2.62      26.13 ± 2.55 
Reflectance (%)          4.58 ± 0.76          6.08 ± 0.22        6.87 ± 0.37 
Non-photosynthetic 
absorptance (%)  
      10.46 ± 3.74        21.50 ± 1.16      11.91 ± 2.22 
A  Values with the same letters indicate no significant difference. 
 
2.3.2  Potential errors during measurement of rapid light curves 
ETRs measured using the standard treatment were not significantly different from ETRs 
using the unshaded treatment (Figure 2a).  The mean ETRmax of the standard and 
unshaded treatments were 22.7 and 20.7 µmol electron m
-2 s
-1 respectively (Table 2).   33
ETRs measured using the standard treatment were significantly different from ETRs 
using the moving treatment (Tukey HSD, p < 0.05, Figure 2b).  The movement of leaves 
while taking light curves caused a wide  variation  in  measurements                   
(28.2 ± 32.6 µmol electron m
-2 s
-1, mean ± SD).  The mean ETRmax of the standard and 
moving treatments were 22.7 and 28.2 µmol electron m
-2 s
-1 respectively (Table 2). 
 
ETRs measured using the standard treatment were significantly different from ETRs 
using the half-exposed treatment (Tukey HSD, p < 0.05, Figure 2c).  Exposure of only 
half the light from the probe to the leaves resulted in an increase in photosynthetic ETR.  
The mean ETRmax of the standard and half-exposed  treatments  were  22.7  and  34.4        
µmol electron m
-2 s
-1 respectively (Table 2). 
 
ETRs measured using the standard treatment were significantly different from ETRs 
using the changed-distance treatment (Tukey HSD, p < 0.05, Figure 2d).  Reducing the 
distance from the end of the probe to the leaves resulted in a decrease in photosynthetic 
ETR.  The mean ETRmax of the standard and changed-distance treatments were 22.7 and 
15.8 µmol electron m
-2 s
-1 respectively (Table 2). 
 
ETRs measured using the standard treatment were significantly different from ETRs 
using the epiphytes treatment (Tukey HSD, p < 0.05, Figure 2e).  Epiphytes in the field of 
light resulted in an increase in photosynthetic ETR. The mean ETRmax of the standard and 
epiphytised treatments were 22.7 and 34.5 µmol electron m
-2 s
-1 respectively (Table 2). 
 
Table 2:   The ETRmax (µmol electron m
-2 s
-1, mean ± SD) of Posidonia sinuosa leaves 
under changing RLC treatments (n = 5).  Refer to page 30 for definitions. 
Significant difference includes all data from RLC. 
Treatment ETRmax ± SD 
^ significantly different 
to standard treatment 
at 0.05 level 
standard 22.7 ±   5.4  - 
unshaded 20.7 ±   7.8  ns 
moving 28.2 ± 32.6  ^ 
half-exposed 34.4 ± 16.0  ^ 
changed-distance 15.8 ±   4.6  ^ 
epiphytes 34.5 ±   7.9  ^   34
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Figure 2:  Photosynthetic ETRs of Posidonia sinuosa using: (a) standard and unshaded 
treatments, (b) standard and moving treatments, (c) standard and 
half-exposed treatments, (d) standard and changed-distance treatments and 
(e) standard and epiphytised treatments (mean ± SD, n = 5).  Within 
irradiance, ^ indicates where ETR is significantly different between 
treatments (p < 0.05).     35
2.4 Discussion 
2.4.1 Absorptance  factor 
The use of an integrated sphere spectrometer to measure leaf optical properties of 
seagrasses enabled transmittance, reflectance and non-photosynthetic absorptance of 
light to be calculated. Measuring these properties lead to a more accurate estimation of 
photosynthetic absorptance of the leaf.  Transmittance of light from P. sinuosa,            
P. australis and H. ovalis leaves ranged between 13-26% of PAR.  Reflectance ranged 
between 4-7% of PAR and non-photosynthetic absorptance of light was between 
10-22% of PAR.  Runcie and Durako (2004) reported similar findings for P. australis 
(New South Wales, Australia) where approximately 7% of PAR was reflected from 
leaves and 16% was non-photosynthetic absorptance.   
 
By considering transmittance, reflectance and non-photosynthetic absorptance, the 
calculated absorptance factors of the three species (0.64 for P . sinuosa,  0.59  for            
P. australis and 0.55 for H. ovalis) were significantly lower than the default value of 
0.84 for the Diving-PAM.  Data obtained in this study indicates that using the AF, 
rather than absorptance factors, in the calculations of ETR resulted in ETR 
over-estimations of up to 25% for P. sinuosa, 34% for H. ovalis  and  46%  for                
P. australis.  Runcie and Durako (2004) also reported a 24% discrepancy in their 
studies on P. australis in New South Wales, Australia.  Reported AF values for 
seagrasses (0.44 for Z. marina, 0.50 for H. stipulacea, 0.72 for C. nodosa and 0.78 for 
T. testudinum (Beer et al. 1998; Durako and Kunzelman 2002)) vary by up to a factor of 
two and did not take into consideration reflectance and non-photosynthetic absorptance.  
Durako and Kunzelman (2002) also reported significant within-shoot AF variability, 
and suggested that fluorescence measurements be restricted to rank 2 (second youngest) 
leaves.  It is therefore likely that absorptance would exhibit similar responses, varying   36
within shoots and probably also along the length of seagrass leaves.  By limiting 
measurements to specific leaves, of which the absorptance is known, within-shoot and 
along-shoot variability would be less likely to influence results.  Therefore caution 
should be exercised when using chlorophyll fluorescence to attain estimations of ETR, 
as the location at which readings are taken will influence results. 
 
2.4.2  Potential errors during measurement of rapid light curves 
A major problem encountered in taking RLCs has been the tendency of some leaves to 
slip while in the Diving-USH.  There is no published literature to date testing variations 
to the standard method for measuring RLCs.  Allowing leaves to move in any way 
while RLCs were made resulted in either an over-estimation or under-estimation of 
ETR, highlighting the importance of ensuring that leaves remain stationary during RLC 
measurements. 
 
Measuring the fluorescence of half-exposed leaves, where half the light shone past the 
leaves, resulted in an over-estimation of ETR.  Having half the light from the 
Diving-PAM shining past the leaves and onto the Diving-USH meant that the 
photodetector captured a greater amount of background signal, which would normally 
be suppressed by the auto-zero function.  The auto-zero function is a command for the 
determination of a signal in the absence of a sample (background signal). This value is 
automatically subtracted so that the signal becomes zero without a target sample (Heinz 
Walz GmbH 1998).  Therefore, allowing half the light to by-pass the leaves allowed a 
greater background signal to enter the photodetector, resulting in an over-estimation in 
the fluorescence signal (Figure 2c). 
   37
Changed-distance treatments, where the distance from the fibreoptic probe to the leaf 
was less than 2 mm, resulted in an under-estimation of ETR. Normally, after changing 
the distance between the end of the fibreoptic probe and the leaf surface, the auto-zero 
function should be applied, which will reduce any unavoidable background signal to 
zero.  However, under field conditions, wave motion may cause the leaf to move closer 
to the probe without the auto-zero function being applied.  Changing the distance 
without applying the auto-zero function would result in an increase in the signal:noise 
ratio and therefore lead to an under-estimation of quantum yield and ETR (Heinz Walz 
GmbH 1998) (Figure 2d).  
 
Measuring the fluorescence of epiphytised leaves, where epiphytes entered the field of 
light from the Diving-PAM, increased the ETRmax by up to 52%.  Ralph and Gademann 
(1999) reported similar findings where epiphytes provided more than twice the 
photosynthetic activity of the oldest apical region of the seagrass leaf.  In their study, 
removing the epiphytes from P. australis leaves reduced the ETRmax by over 70% 
(Ralph and Gademann 1999).  It can be deduced that each time an epiphyte is present at 
an RLC location, it is likely that the photosynthetic rate of the epiphyte is being 
measured, rather than the photosynthetic rate of the seagrass leaf.  It follows that 
epiphytes account for a substantial amount of photosynthetic productivity within the 
seagrass ecosystem (Borowitzka and Lethbridge 1989). 
 
There was no significant difference between RLCs taken from shaded (standard 
treatment) or unshaded leaves.  These findings are in contrast with the Diving-PAM 
Handbook of Operation, which recommends that “the sample should be sufficiently 
shaded, such that the external light does not contribute substantially to the PAR” (p.81 
Heinz Walz GmbH 1998).  It is therefore recommended that repetitive RLCs should be 
taken under identically shaded or unshaded conditions, as deemed appropriate.     38
Taking RLCs in situ has been a major step forward in reducing artefacts caused by 
placing samples in chambers (Runcie and Durako 2004).  However, taking in situ RLCs 
with the Diving-PAM presents its own challenges, including working in and 
overcoming adverse environmental conditions.  It is suggested that a lightweight 
supporting frame set on the seafloor, with the probe and seagrass leaf securely fastened 
opposite each other, would reduce leaf movement and increase measurement accuracy.       39
3.    Seasonal variation in the photosynthetic rates of Posidonia 
sinuosa, Posidonia australis and Halophila ovalis 
 
3.1 Introduction 
Western Australia’s coastline, with a length of 12,500 km, extends from the temperate 
waters of the Southern Ocean (35º S) to the tropical waters of the Timor Sea (12° S, 
Poiner and Peterken 1995). Altogether there are about thirty seagrass species in Australian 
waters, of which fifteen species occur along the southern coast of Western Australia 
(Kirkman and Kuo 1996; Short and Coles 2001).  There are more species of Posidonia on 
the southern coast than anywhere else in Australia, leading to speculation that southern 
Western Australia is the centre of speciation for Australian Posidonia (Kuo and McComb 
1989; Kirkman and Kuo 1996).  The great extent and diversity of seagrass communities 
along the Western Australian coast is attributed to a diversity of marine habitats, together 
with the presence of both tropical and temperate seagrass species available for 
colonisation (Poiner and Peterken 1995).  Posidonia australis and Posidonia sinuosa are 
the dominant seagrass species near Perth (Kirkman and Walker 1989; Poiner and 
Peterken 1995) and within Cockburn Sound, where this study took  place.          
Amphibolis antarctica, Amphibolis griffithii,  Halophila australis, Halophila decipiens, 
Halophila ovalis, Posidonia angustifolia, Posidonia coriacea, Syringodium isoetifolium, 
Thalassodendron pachyrhizum and Zostera tasmanica are also found in the area 
(Kirkman and Kuo 1996; Short and Coles 2001).   
 
Seagrass communities are recognised to be dynamic on a variety of temporal scales (den 
Hartog 1970).  Seasonally, seagrasses exhibit fluctuations in plant growth, shoot 
density, leaf biomass and photosynthetic activity (Iizumi 1996; Agawin et al. 2001).  
Temporal studies on Thalassia hemprichii (southern Taiwan) reported that growth rates 
peaked in spring and summer, and declined in autumn (Lin and Shao 1998).  Similarly, 
Zostera marina (northern Japan) exhibited the highest leaf production in spring and   40
summer when irradiance was highest (Iizumi 1996).  Plus et al. (2005) also reported 
that the highest photosynthetic productivity of Z. marina (Mediterranean Sea) occurred 
during spring and summer.  Seasonal changes in photosynthetic performance of 
seagrasses can be primarily attributed to changes in light and temperature (Wetzel and 
Neckles 1986; Agawin et al. 2001).    
 
Before the effects of human-induced perturbations on seagrass ecosystems can be 
assessed, it is necessary to know the extent of natural temporal fluctuations.   
Determining a baseline or control is important so that the extent of man-made changes 
can be tracked.  Therefore, spatial and temporal fluctuations in seagrass communities 
should be documented before any significant impacts occur (Lin and Shao 1998).   
When planning studies of impacts, the identification of target variables should ensure 
that variables exhibit little natural fluctuation to enable powerful statistical analyses at 
low cost (Benedetti-Cecchi 2001).  However, natural systems usually exhibit large 
temporal and spatial variability (Piazzi et al. 2004).  Understanding the extent of natural 
variability is an essential prerequisite for the design and optimisation of any 
environmental sampling programme (Underwood 1992; Benedetti-Cecchi et al. 2001; 
Hewitt et al. 2001; Piazzi et al. 2004). 
 
The study described in this chapter aimed to determine the seasonal photosynthetic 
variation in P. sinuosa, P. australis and H. ovalis.  Sampling was conducted on in-situ 
seagrasses over eight months, from spring to autumn.  Assessing seasonal variations is 
also appropriate when planning seagrass transplantation projects.  By knowing the 
seasonal fluctuations in seagrass photosynthetic activity, an optimum transplanting time 
can be chosen to maximise the survival of transplanted seagrasses, as discussed in 
subsequent chapters.  Determining seasonal variation is also important to properly 
assess photosynthetic recovery of transplanted seagrasses.  The hypotheses tested were:  
1)  maximum ETR (ETRmax) of P. sinuosa, P. australis and H. ovalis will vary seasonally,    41
2)  ETRmax within a sampling date will vary among species,  
3)  ΔF/Fm′ of P. sinuosa, P. australis and H. ovalis will vary seasonally, and 
4)  ΔF/Fm′ within a sampling date will vary among species. 
 
3.2 Methods 
3.2.1 Study  area 
Cockburn Sound is a semi-enclosed marine embayment located approximately twenty 
kilometres south of Fremantle on the western coast of Australia (S 32º 16’, E 115º 42’, 
Figure 3). The main basin of the Sound, encompassing an area of 80 km², is approximately 
16 km long and 7 km wide with a maximum depth of 22 m (Steedman and Craig 1983).  
Tides in the Sound are negligible with a mean daily range of 0.55 m (Easton 1970).   
 
Figure 3:   Cockburn Sound, Western Australia, showing study sites at Woodman Point, 
Parmelia Bank and Southern Flats.   42
P. sinuosa and P. australis are the main meadow-forming seagrasses within Cockburn 
Sound (Cambridge and McComb 1984).  The seagrasses growing at Woodman Point 
consisted of a mixed meadow of P. sinuosa and P. australis (Figure 4) growing 
uninterrupted to a depth of 9 m. Interspersed with these species at shallow depths (to 2 m) 
were H. ovalis and Z. tasmanica (formerly Heterozostera tasmanica, Les et al. 2002, 
Figure 5). The meadow was marginally protected from ocean swells by a rock-filled 
groyne. 
 
Figure 4:   Posidonia australis (front) and Posidonia sinuosa (back), Woodman Point. 
 
 
Figure 5:   Halophila ovalis and Zostera tasmanica (interspersed), Woodman Point.   43
3.2.2  Site and species selection 
The species chosen for this study were P. sinuosa, P. australis and H. ovalis.  A site 
was chosen at Woodman Point, Western Australia (S 32° 08.180’, E 115° 44.745’, 
Figure 3), where these species grew in close proximity (within 5 m), minimising 
physical variations such as depth, water temperature and time difference between 
measurements.  Water depth during sampling at this site was between 1.5 and 2.0 m.   
 
3.2.3  Chlorophyll fluorescence measurements 
Measurements were made on seven occasions from 10 October 2003 to 27 May 2004, 
between 0730 and 1130 h.  Measurements were not carried out in winter due to 
frequency of storms.  Chlorophyll fluorescence measurements were carried out as 
described in section 2.2.2.1.  RLCs were measured at the base of rank two (second 
youngest) Posidonia leaves (40 - 60 mm from the leaf sheath) and at the centre of the 
blade of Halophila leaves.  None of the leaves carried visible epiphytic growth.  Leaves 
were shaded from ambient light during the measurement of RLCs.  Ambient irradiances 
were recorded from within the canopy at the location where RLC measurements were 
made.  Absorptance factors used in this study were 0.64 for P. sinuosa,  0.59  for                
P. australis and 0.55 for H. ovalis, as calculated in section 2.2.1.  The number of 
replicates for each measurement varied between 5 and 24. 
 
3.2.4  Data analysis 
ETRmax of P. sinuosa,  P. australis and H. ovalis was compared seasonally using a 
two-way ANOVA (factors: species × date).  ΔF/Fm′ of P. sinuosa, P. australis and      
H. ovalis  was  also  compared  seasonally  using  a  two-way  ANOVA                   
(factors: species × date).  All assumptions for the ANOVAs were met; data were log 
transformed where necessary (Zar 1999).  When the ANOVA yielded a significant   44
result (p < 0.05), a post-hoc pair-wise comparison of the sample means was performed 
using the ‘Tukey’s honestly significant difference’ test (Tukey HSD).  ETRmax and 
ΔF/Fm′ were examined for differences among species, and were compared among 
sampling dates to determine seasonal variation.  Probabilities of less than or equal to 
0.05 were taken to be significant.  Analyses were performed using JMP for Windows 
(Version 6.0, SAS Institute Inc.).  Empirical data were mathematically fitted to a 
double-exponential decay function (Platt et al. 1980), as described in section 2.2.3.   
Exponential decay regression analyses were used to assess irradiance-related variability 
in  ΔF/Fm′.  Linear regression analyses were used to assess time-of-day related 
variability.   
 
3.3   Results 
Significant seasonal differences in ETRmax were observed for P. sinuosa,                   
P. australis and H. ovalis  (Figure  6).    A  two-way  interaction  was  detected           
between species and date (F11,171 = 7.80, p < 0.05).  The highest overall ETRmax was 
60.1 ± 16.7 µmol electron m
-2 s
-1  for  H. ovalis followed  by  42.8  ±  15.9                   
µmol electron m
-2 s
-1 for P. australis and 42.1 ± 3.7 µmol electron m
-2 s
-1 for P. sinuosa.  
For  P. sinuosa, the highest ETRmax occurred during November and December 
(summer), which were significantly higher than all other measurements (Tukey HSD,    
p < 0.05, Figure 6).     For P. australis, the highest ETRmax occurred during early 
October and December (summer), which were significantly higher than March to May 
(autumn, Tukey HSD, p < 0.05, Figure 6).    For H. ovalis, the highest ETRmax also 
occurred during December (summer), which was significantly higher than all other 
measurements, except early October (Tukey HSD, p < 0.05, Figure 6).    The natural 
variation in ETRmax differed by up to 52% of the mean for P. sinuosa,  37%  for             
P. australis and 30% for H. ovalis.  Ambient irradiances were highest during November 
and December (Table 3).     45
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Figure 6:   Maximum ETR (ETRmax, mean ± SD) of (a) Posidonia sinuosa, (b) Posidonia 
australis and (c) Halophila ovalis from 10 October 2003 to 27 May 2004 at 
Woodman Point (n: 5 to 24).  H. ovalis was not measured on 19 March 2004.  
Points with the same letters indicate no significant difference. 
 
Table 3:   Ambient irradiance (µmol quanta m
-2 s
-1) and water temperature (°C) at the 
location of RLC measurement, Woodman Point (n = 5 to 24, NA = no 
sample taken). Irradiances for each species differed due to shading by the 
surrounding canopy. 
 
Posidonia sinuosa Posidonia australis Halophila ovalis
10 Oct '03  25-50 180-300 330-340 18
22 Oct '03  160-200 160-200 400-700 20
5 Nov '03  670-690 640-660 640-660 20
16 Dec '03  300-400 400-470 370-470 21
19 Mar '04  130-140 110-120 NA 22
5 May '04  130-140 200-220 200-220 19
27 May '04  150-160 180-200 250-260 17
Ambient irradiance at site of measurement                  
(µmol quanta m
-2 s
-1) Sampling 
date
Water 
temperature 
at site (°C)
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Within sampling date, ETRmax sometimes differed among species (Tukey HSD, p < 0.05, 
Figure 7), although no species consistently had a lower or higher ETRmax than the 
others.  H. ovalis had the highest overall ETRmax of 60.1 ± 16.7 µmol electron m
-2 s
-1 in 
December (summer).   
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Figure 7:   Maximum  ETR  (ETRmax, mean ± SD) of Posidonia sinuosa,  Posidonia 
australis and Halophila ovalis from 10 October 2003 to 27 May 2004 at 
Woodman Point (n: 5 to 24).  H. ovalis was not measured on 19 March 
2004.  Within sampling date, bars with the same letters indicate no 
significant difference. 
 
Significant seasonal differences in ΔF/Fm′ were observed for P. sinuosa, P. australis 
and H. ovalis (Figure 8).  A two-way interaction was detected between species and date 
(F11,171 = 8.96, p < 0.05).  For P. sinuosa, the highest ΔF/Fm′ of 0.71 ± 0.03 occurred 
during May (autumn), which was significantly higher than all other sampling dates 
except March (Tukey HSD, p < 0.05, Figure 8).  For P. australis, the highest ΔF/Fm′ of 
0.75 ± 0.06 occurred during March (autumn), which was significantly higher than all   47
other sampling dates except late October and December (spring, Tukey HSD, p < 0.05, 
Figure 8).  For H. ovalis, the highest ΔF/Fm′ of 0.59 ± 0.07 also occurred during May 
(autumn) which was significantly higher than all other sampling dates (Tukey HSD,      
p < 0.05, Figure 8).   
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Figure 8:  Effective quantum yield (ΔF/Fm′, mean ± SD) of (a) Posidonia sinuosa, 
(b) Posidonia australis and (c) Halophila ovalis from 10 October 2003 to 
27 May 2004 at Woodman Point (n: 5 to 24).  H. ovalis was not measured 
on 19 March 2004.  Points with the same letters indicate no significant 
difference. 
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Within sampling date, ΔF/Fm′ sometimes differed among species (Tukey HSD, p < 0.05, 
Figure 9), although no species consistently had a lower or higher ΔF/Fm′ than the 
others.  P. australis had the highest overall ΔF/Fm′ of 0.75 ± 0.06 in March (autumn).   
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Figure 9:   Effective quantum yield (ΔF/Fm′, mean ± SD) of Posidonia sinuosa, Posidonia 
australis and Halophila ovalis from 10 October 2003 to 27 May 2004 at 
Woodman Point (n: 5 to 24).  H. ovalis was not measured on 19 March 2004.  
Within sampling date, bars with the same letters indicate no significant 
difference. 
 
The variation of ΔF/Fm′ over time indicated that ΔF/Fm′ decreased during summer when 
ambient irradiances were at their highest and increased when ambient irradiances 
decreased (Table 3). Regression analysis indicated that ΔF/Fm′ decreased significantly 
with increasing irradiance (Figure 10).  An exponential decay function best described 
the negative response slope.  There was also a significant negative response slope for 
ΔF/Fm′ measured at different times of the day, indicating a significant diurnal variation 
(P. sinuosa:  F1,63  = 19.24, p < 0.05;  P. australis:  F1,66  = 36.74, p  <  0.05;                   
H. ovalis: F1,54 = 125.17, p < 0.05, Figure 11).  Diurnal variation of photosynthetic rates 
will be examined in more detail in Chapter 4.    49
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Figure 10:   Effective quantum yields (ΔF/Fm′) of (a) Posidonia sinuosa, (b) Posidonia 
australis and (c) Halophila ovalis with respect to irradiance at Woodman 
Point. The curve represents the fitted regression equation (exponential decay). 
   50
Posidonia australis
Time (hours)
  07:00   08:00   09:00   10:00   11:00   12:00
Δ
F
 
/
 
F
m
'
 
0.0
0.2
0.4
0.6
0.8
1.0
Posidonia sinuosa
Time (hours)
  07:00   08:00   09:00   10:00   11:00   12:00
Δ
F
 
/
 
F
m
'
 
0.0
0.2
0.4
0.6
0.8
1.0
Halophila ovalis
Time (hours)
  07:00   08:00   09:00   10:00   11:00   12:00
Δ
F
 
/
 
F
m
'
 
0.0
0.2
0.4
0.6
0.8
1.0
ΔF / Fm' = 0.842 - 2.896*x
          r ² = 0.361
           P = 0.000
           n = 67
ΔF / Fm' = 0.486 - 0.644*x
          r ² = 0.322
           P = 0.000
           n = 55
ΔF / Fm' = 0.632 - 1.311*x
          r ² = 0.237
           P = 0.000
           n = 64
(a) (b)
(c)
 
Figure 11:   Effective quantum yields (ΔF/Fm′) of (a) Posidonia sinuosa, (b) Posidonia 
australis and (c) Halophila ovalis with respect to time of day (hours) at 
Woodman Point.  The line represents the fitted regression equation (linear). 
 
3.4   Discussion 
The ETRmax of P. sinuosa, P. australis and H. ovalis varied seasonally, and among 
species.  The larger seagrasses, P. australis and P. sinuosa, both had a lower ETRmax 
than H. ovalis, which has been described as a coloniser or opportunist (den Hartog 
1977).  Similarly, Ralph et al. (1998) reported that H. ovalis had a higher ETR than     
P. australis and P. sinuosa during a study at nearby Rottnest Island during the summer 
of 1996.  The highest ETRmax for each species in this study occurred in summer, when 
irradiances were at a maximum and decreased during autumn when irradiances 
decreased.  Halophila stipulacea in the Gulf of Aqaba showed a similar response, with 
highest ETR in summer compared to spring and winter (Schwarz and Hellblom 2002).    51
Enríquez et al. (2004) also reported higher maximum photosynthetic rates in summer 
for Cymodocea nodosa growing in the Mediterranean.  These findings contrast with 
other Mediterranean species such as Zostera noltii and Posidonia oceanica, which 
showed higher photosynthetic activity in autumn/winter/spring (Drew 1978, 1979; Pirc 
1986; Enríquez et al. 2004).  The contrasting patterns are believed to be due to 
differential plant dependence on climate fluctuations (temperature and irradiance), 
species specific nutrient status (described by leaf nutrient content), and vegetative state 
(leaf fall and growing season), which may result in different seasonal patterns of growth 
and productivity among seagrass species (Pirc 1986; Enríquez et al. 2004).   
Photosynthetic responses of seagrasses to changes in irradiance have also been 
documented, indicating increased photosynthetic rates with increasing irradiance (Ralph 
et al. 1998; Major and Dunton 2002; Schwarz and Hellblom 2002; Silva and Santos 
2003).  The variation in irradiance observed during this study was also a major factor in 
seasonal photosynthetic variation of the seagrasses in Cockburn Sound. 
 
The ΔF/Fm′ of each species showed a seasonal pattern, inversely related to irradiance, 
which was confirmed by the negative response slope of ΔF/Fm′ to increased irradiance. 
The relationship between ΔF/Fm′ and irradiance observed in this study agrees with 
previous findings (Ralph et al. 1998; Beer and Björk 2000).  Durako and Kunzelman 
(2002) found a similar negative response slope for T. testudinum, although the response 
was linear.  Decreased ΔF/Fm′ with increased irradiance has been reported (Figueroa et 
al. 2002; Major and Dunton 2002; Durako et al. 2003), indicating a partial loss of 
photoprotective mechanisms (Figueroa et al. 2002).  Irradiance-induced decreases in 
Fv/Fm are thought to reflect dissipation of excess energy within the light-harvesting 
antennae (i.e. photoprotection, Krause 1991) and/or photodamage to PSII (Ralph and 
Burchett 1995; Franklin et al. 1996).     52
The decrease in ΔF/Fm′ with time of day is similar to diurnal variation previously 
observed for H. ovalis, P. australis, A. antarctica and T. testudinum (Ralph 1996; Ralph 
et al. 1998; Durako and Kunzelman 2002).  Durako and Kunzelman (2002) concluded 
that diurnal down-regulation of photosynthesis could introduce a significant source of 
variation in landscape-scale sampling of photosynthesis. Diurnal variation of 
photosynthesis in P. sinuosa, P. australis and H. ovalis will be examined in detail in 
Chapter 4. 
 
The seasonal and species-specific variations in photosynthetic activity must be taken 
into consideration when determining the significance of any stressors on a seagrass 
system.  The large natural variability reported in this and other studies (Ralph et al. 
1998; Silva and Santos 2003; Runcie and Durako 2004) indicates that the effects of 
external stress on ETR may be difficult to detect due to normal seasonal fluctuations.  It 
is therefore unlikely that changes in ETR could be exclusively attributed to a particular 
stress.  Biber et al. (2005) also suggested that there was evidence for photoacclimation 
and that the fluctuation in photosynthetic yield was minimised because plants were 
acclimating, even to the point of mortality.  Therefore, using photosynthetic yield as the 
only indicator of potential seagrass loss is unlikely to be a suitable tool to measure 
sub-lethal chronic stress response in seagrass (Biber et al. 2005).  This may also apply 
to monitoring the photosynthetic recovery of transplanted seagrasses, where the effects 
of chronic stresses such as high current and heavy epiphytic loading may not be 
detected before transplants are dislodged and washed away.     
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4.    Diurnal variation in the photosynthesis of Posidonia sinuosa, 
Posidonia australis and Halophila ovalis 
 
4.1 Introduction   
The link between photosynthetic activity and diurnal variation in irradiance has been 
widely demonstrated (Hillman 1976; Ralph et al. 1998; Silva and Santos 2003).   
Photosynthetic activity generally follows the daily irradiance pattern, increasing to a 
midday peak, then decreasing during the afternoon (Ralph et al. 1998).  However, under 
high irradiance, a midday depression in photosynthetic activity can occur, protecting the 
photosynthetic apparatus of the plant from extreme irradiance (Demmig-Adams et al. 
1989; Henley 1993).  This temporary midday depression is common among marine plants 
(Dennison and Alberte 1986; Abal et al. 1994).  A decrease in PSII efficiency is often 
interpreted as photoinhibition or ‘photochemical down-regulation’ (Hanelt et al. 1993).  
When RLCs are used to measure photosynthetic rates, midday depression is most likely to 
be down-regulation, as the duration of exposure to high irradiance levels is not sufficient 
to cause damage to the photosynthetic apparatus, which in turn would cause 
photoinhibition (Ralph and Gademann 2005).  Physiologically, plants are able to regulate 
photosynthetic activity in response to external factors, such as high irradiance (Silva and 
Santos 2003).  At high irradiance the response is usually photoprotection, involving 
thermal dissipation of energy through a process called non-photochemical quenching 
(Demmig-Adams 1998; Ort 2001).  Photoprotection enables maintenance of the crucial 
balance between energy absorption and photosynthetic light utilisation by carbon fixation, 
thus preventing photo-oxidative damages in PSII (Ensminger et al. 2001; Silva and 
Santos 2003). 
 
PAM fluorescence has allowed the evaluation of seagrass responses to environmental 
stresses such as high irradiances, desiccation and elevated temperatures (e.g. Ralph and 
Burchett 1995; Seddon and Cheshire 2001; Campbell et al. 2003).  Chlorophyll   54
fluorescence has also been useful in examining the dynamic behaviour of the 
photosynthetic apparatus of seagrasses under fluctuating field conditions (Silva and 
Santos 2003). The Diving-PAM underwater fluorometer has been used in the assessment 
of various aspects of the diurnal pattern of photosynthetic activity in seagrasses (Ralph et 
al. 1998; Enríquez et al. 2002; Figueroa et al. 2002), as it enabled a significant number of 
measurements to be taken under field conditions throughout the day.   
 
Changes in photosynthetic performance during a diurnal cycle are widely recognised and 
must be taken into account when long-term measurements of photosynthesis or estimates 
of productivity are required (Silva and Santos 2003).  Estimating the productivity of a 
species or system based only on midday measurements would result in significant 
over-estimations of productivity.  Daily changes in photosynthetic performance should 
therefore be taken into account when estimating productivity (Silva and Santos 2003).  
Durako and Kunzelman (2002) also indicated that the diurnal down-regulation of 
photosynthesis may introduce a significant source of variation in landscape-scale 
photosynthetic sampling.  When sampling sites over large areas it is important to 
understand that apparent differences among sites may be the result of the normal diurnal 
cycles of the seagrasses.     
 
In order to determine Fv/Fm , the seagrass sample must be measured under 
dark-acclimated conditions, which allows all the reaction centres to open and all 
primary electron acceptors to be oxidised (Rohácek and Barták 1999).   
Dark-acclimation times vary among species and can range from 5 minutes in seagrasses 
(Thalassia testudinum) to 30 minutes in corals (Montipora digitata and Stylophora 
pistillata, Jones and Hoegh-Guldberg 2001; Durako and Kunzelman 2002).  Fv/Fm can 
be used as an indicator of photoinhibition or other injury to PSII complexes.  ΔF/Fm′ is 
measured under light-acclimated conditions and reflects electron transport through PSII   55
when part of the reaction centres are closed (Beer and Björk 2000). ΔF/Fm′ is a measure 
of the efficiency of the photochemical processes in PSII (Rohácek and Barták 1999).   
 
The study described in this chapter first aimed to determine appropriate 
dark-acclimation times for each species. The study then aimed to examine and compare 
the diurnal photosynthetic rates, and ΔF/Fm′ and Fv/Fm of Posidonia sinuosa, Posidonia 
australis and Halophila ovalis.  This study was undertaken in order to quantify the 
diurnal variation and to determine the potential limitations of relating ETR to estimates 
of productivity.  The hypotheses tested were:  
1)  maximum ETR (ETRmax) of P. sinuosa,  P. australis and H. ovalis will vary 
diurnally, and  
2)  ΔF/Fm′ and  Fv/Fm of P. sinuosa, P. australis and H. ovalis will vary diurnally. 
 
4.2  Methods 
The three species chosen for this study were selected from Woodman Point, Western 
Australia (S 32° 08.180’, E 115° 44.745’, Figure 3, see section 3.2). As the tide changed 
during the day, the depth of water at the site was recorded. The weather on the day of 
sampling was sunny with no cloud cover.  Water temperature varied between 18 and 20 °C.   
 
4.2.1   Chlorophyll fluorescence measurements 
4.2.1.1 Dark-acclimation time for each species 
Prior to beginning the diurnal study, an experiment was conducted to determine an 
appropriate time for dark-acclimation. Suitable dark-acclimation occurred when Fv/Fm 
reached a maximum plateau with increasing time.  Leaves of each species were 
dark-acclimated  in situ  for  3,  5,  6,  8,  10  and  15  minutes  using  dark  leaf  clips                
(Walz GmbH, Effeltrich, Germany).  Four leaves were used for each time treatment.                   
For logistical reasons, a dark-acclimation time of seven minutes was chosen for use in 
the following experiments (see results below, section 4.3.1).   56
4.2.1.2 Diurnal variation 
Photosynthetic rates were measured using a Diving-PAM (Walz GmbH, Effeltrich, 
Germany).  Measurements were carried out every two hours between 0700 and 1700 h 
on 24 May 2005.  Sunrise was at 0704 and sunset at 1723 h.  On each sampling 
occasion, seven separate leaves of each species were used for replicate measurements of 
dark-acclimated Fv/Fm.  Leaves were dark-acclimated for seven minutes.  Seven leaves 
were used for measurement of light-acclimated ΔF/Fm′ and RLCs using the same 
method as described in section 3.2.3.  Ambient underwater irradiance was measured 
using the Diving-PAM’s built-in quantum sensor and was taken as close to the sampling 
site as possible.  Ambient surface irradiance was measured from the shore close to the 
sampling site with a second Diving-PAM. 
 
4.2.2 Data  analysis 
Determining  an  appropriate  dark-acclimation  time  for  each  species,                   
P. sinuosa,  P. australis and H. ovalis, was achieved using a two-way ANOVA     
(factors: species × time).  ETRmax, ΔF/Fm′ and Fv/Fm of P. sinuosa, P. australis and     
H. ovalis were compared diurnally using two-way ANOVAs (factors: species × time).  
All assumptions for the ANOVAs were met; data were log transformed where necessary 
(Zar 1999).  When the ANOVA yielded a significant result (p  < 0.05), a post-hoc 
pair-wise comparison of the sample means was performed using the ‘Tukey’s honestly 
significant difference’ test (Tukey HSD).  Probabilities of less than or equal to 0.05 
were taken to be significant.  Analyses were performed using JMP for Windows 
(Version 6.0, SAS Institute Inc.).  Empirical data were mathematically fitted to a 
double-exponential decay function (Platt et al. 1980), as described in section 2.2.3.   
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4.3 Results 
4.3.1  Dark-acclimation time for each species 
There was no significant difference in Fv/Fm obtained by dark-acclimating P. sinuosa 
and for H. ovalis 3, 5, 6, 8, 10 and 15 minutes and P. australis for 6, 8, 10 and 15 
minutes (Tukey HSD, Table 4).  Therefore three minutes would have provided adequate 
dark-acclimation time for P. sinuosa and H. ovalis, and six minutes for P. australis.  
However, for logistical reasons, seven minutes was chosen as this would allow for 
dark-acclimation and allow all measurements to be taken without interruption. 
 
Table 4:   Dark-acclimation times for Fv/Fm (mean ± SD, n = 4) for Posidonia sinuosa, 
Posidonia australis and Halophila ovalis at Woodman Point.  Within 
species, times with the same letter indicate no significant difference. 
 
Posidonia sinuosa Posidonia australis Halophila ovalis
3 0.82 ± 0.04 
A 0.52 ± 0.06  
AB  0.83 ± 0.03 
A
5 0.82 ± 0.01 
A 0.54 ± 0.10    
B     0.74 ± 0.07 
A
6 0.80 ± 0.02 
A 0.59 ± 0.09 
ABC 0.75 ± 0.04 
A
8 0.82 ± 0.02 
A 0.62 ± 0.08 
ABC 0.76 ± 0.05 
A
10 0.79 ± 0.05 
A 0.67 ± 0.07  
AC 0.78 ± 0.07 
A
15 0.82 ± 0.03 
A 0.71 ± 0.07    
C 0.78 ± 0.01 
A
dark-acclimation 
time (minutes)
Fv / Fm
 
 
4.3.2  Diurnal variation 
Significant diurnal differences in ETRmax were observed for P. sinuosa, P. australis and 
H. ovalis (Figure 12).  A two-way interaction was detected between species and time 
(F10,107 = 2.17, p < 0.05).  During the twelve hours of this part of the study the ETRmax of 
P. sinuosa varied from 9.0 ± 1.0 µmol electron m
-2 s
-1 in the morning to 30.7 ± 5.0   
µmol electron m
-2 s
-1 in the afternoon (± SD, Figure 12).  ETRmax of P. australis varied 
from 11.1 ± 2.8 µmol electron m
-2 s
-1 in the morning to 38.8 ± 8.4 µmol electron m
-2 s
-1 
in  the  afternoon  (Figure 12).  ETRmax  of  H. ovalis  varied    from    16.5  ±  4.4           
µmol electron m
-2 s
-1 in the morning to 47.3 ± 15.4 µmol electron m
-2 s
-1 in the afternoon 
(Figure 12).  The highest ETRmax were reached at the same time as the midday peak in 
underwater irradiance between 1300 and 1500 h, before decreasing in the afternoon.     58
Irradiances measured at the seagrass sampling depth were almost half of the surface 
irradiance (Figure 12d).  As water depth decreased, underwater irradiance more closely 
matched surface irradiance (Figure 12d).   
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Figure 12:  Maximum ETR (ETRmax, mean ± SD) of (a) Posidonia sinuosa, (b) Posidonia 
australis and (c) Halophila ovalis from 07:00 to 17:30 h at Woodman Point 
(n = 7).  Surface and underwater irradiance and water depth are shown in (d). 
Points with the same letters indicate no significant difference. 
 
No interaction was detected for ΔF/Fm′ between species and time.  However, a main 
effect was observed on species (F2,108 = 11.36, p < 0.05). P. australis had a higher mean 
ΔF/Fm′ than P. sinuosa and H. ovalis, which were same (Tukey HSD, p < 0.05, Figure 
13).  A main effect was also observed on time (F5,108 = 15.84, p < 0.05). Mean ΔF/Fm′   59
varied from a maximum of 0.76 ± 0.02 at sunrise to a minimum of 0.64 ± 0.07 around 
midday and afternoon (Figure 13).  Mean ΔF/Fm′ was significantly lower between 
1100 and 1500 h (Tukey HSD, p  < 0.05, Figure 13).  Variability in ΔF/Fm′, as 
expressed by SD, was approximately 4% of the mean, except during the middle of the 
day when SD variability increased to 10% of the mean. 
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Figure 13:  Main effect on (a) species (n = 42) and (b) time (n = 21) for effective 
quantum yield (ΔF/Fm′, mean ± SD) of Posidonia sinuosa, Posidonia 
australis and Halophila ovalis at Woodman Point.  Points with the same 
letters indicate no significant difference. 
 
No interaction was detected for Fv/Fm between species and time.  However, a main 
effect was observed on species (F2,104 = 4.79, p < 0.05).  H. ovalis had a lower mean 
Fv/Fm than P. australis but was the same as P. sinuosa (Tukey HSD, p   <  0.05,     
Figure 14).  A main effect was also observed on time (F5,104 = 10.12, p < 0.05).  Mean 
Fv/Fm decreased from a maximum of 0.87 ± 0.01 at sunrise to a minimum of 0.82 ± 0.01 
at sunset (Figure 14).  Mean Fv/Fm was significantly lower after 1100 h (Tukey HSD,  
p < 0.05, Figure 14) but showed a small increase towards sunset, although this was not 
significant.   60
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Figure 14:  Main effect on (a) species (n = 42) and (b) time (n = 21) for potential 
quantum yield (Fv/Fm, mean ± SD) of Posidonia sinuosa,  Posidonia 
australis and Halophila ovalis at Woodman Point.  Points with the same 
letters indicate no significant difference. 
 
4.4 Discussion 
ETRmax for each species showed a diurnal pattern coincident with irradiance throughout 
the day.  Similar diurnal behaviour has also been reported for Amphibolis antarctica 
(Rottnest Island, Western Australia, Ralph et al. 1998), P. australis (Jervis Bay, New 
South Wales, Runcie and Durako 2004), Zostera noltii and Cymodocea nodosa 
(Portugal, Silva and Santos 2003), and Posidonia  oceanica (Spain, Figueroa et al. 
2002).  H. ovalis had the highest ETRmax, while the larger seagrasses, P. australis and  
P. sinuosa, had a lower ETRmax.  These findings were also reported in Chapter 3.     
Ralph et al. (1998) conducted a study on the seagrasses of nearby Rottnest Island and 
also reported that H. ovalis had the highest ETR, followed by P. australis  and              
P. sinuosa, despite using the default ETR factor of 0.84.  The higher photosynthetic 
activity displayed by H. ovalis compared to the two Posidonia species would still hold 
true if Ralph et al. (1998) had used appropriate absorptance factors (as calculated in 
section 2.3.1).   
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The  ΔF/Fm′ showed a diurnal pattern that was inversely related to irradiance, and 
variability in ΔF/Fm′, which increased during the middle of the day.  The diurnal 
decrease in photosynthetic efficiency of P. sinuosa, P. australis and H. ovalis during the 
middle of the day is in agreement with both a decrease in ΔF/Fm′ and increased variance 
at midday for P. australis (Jervis Bay, New South Wales, Runcie and Durako 2004) and 
marine macroalgae (Runcie and Riddle 2004).   
 
Time for dark-acclimation can vary among species and it is therefore necessary to 
determine an appropriate time before conducting studies of Fv/Fm.  Seven minutes was 
found to be an appropriate time for dark-acclimation for P. sinuosa, P. australis and      
H. ovalis. Similarly, Durako and Kunzelman (2002) reported that five minutes was an 
appropriate dark-acclimation time for T. testudinum leaves, and Ralph et al. (1998) used 
ten minutes as a dark-acclimation time for studies on P. sinuosa,  P. australis, 
Amphibolis antarctica,  Amphibolis griffithii and H. ovalis.  Campbell et al. (2003) also 
found ten minutes to be appropriate in a study on Zostera capricorni and Zostera 
tasmanica. The Fv/Fm showed a slow decrease after sunrise throughout the day, with a 
small increase in Fv/Fm towards sunset, indicating a reduction in PSII activity (Beer and 
Björk 2000).  Silva and Santos (2003) also reported a decrease in Fv/Fm for Z. noltii 
despite adaptation to a high light environment.  The decrease in Fv/Fm towards sunset 
indicate that seagrasses dissipate some energy, channelling it through a 
non-photochemical quenching pathway, a process which appears to be common 
amongst seagrasses (Ralph et al. 1998). 
 
Using chlorophyll fluorescence to measure ETR and obtain estimates of productivity of 
a seagrass meadow would be ideal for management authorities as it is a fast and 
non-destructive technique (Beer et al. 1998; Ralph et al. 1998).  However, diurnal   62
fluctuations in the photosynthetic activity of seagrasses need to be considered.  This was 
supported by the fact that ETRmax, which in theory is directly related to gross 
photosynthesis, varied throughout the day within a range that was 3 to 4 times greater 
than its lowest value.  Silva and Santos (2003) reported a similar finding for studies on 
Portuguese seagrasses.  Basing a productivity estimate solely on ETRmax values 
obtained around midday would significantly over-estimate results.  Therefore, when 
attempting to use ETR as an estimation of productivity, daily integrals should be used to 
take into account the dynamics of real-time adjustments in photosynthesis.  Silva and 
Santos (2003) suggested using a modelling approach to establish differentiated and 
vertically-limited “productivity bands” in intertidal meadows according to specific local 
conditions, and to calculate daily integrals of photosynthesis for each of those bands.  
This should also be applied to subtidal ecosystems, taking into account depth gradients 
and the seasonality of deep-edge subtidal meadows.   
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5.   Comparison of photosynthetic rates and meadow characteristics 
of two apparently different seagrass meadows  
 
5.1 Introduction   
Variations in productivity and photosynthetic rates of seagrass meadows can be 
reflected by the changing characteristics of the meadow.  Increases in canopy height, 
shoot density and leaf area index indicate increased growth and are linked with 
increased productivity (Gordon et al. 1994; Cambridge and Hocking 1997; Ruiz and 
Romero 2003).  The effect of increased epiphyte abundance on seagrass leaves is 
reported to result in decreased leaf production and reduced photosynthetic activity 
(Silberstein et al. 1986; Ralph and Gademann 1999), which can lead to subsequent loss 
of seagrass meadows (Cambridge and McComb 1984; Cambridge et al. 1986; 
Silberstein et al. 1986).  Sedimentation and increased turbidity have also resulted in 
decreased meadow productivity (Vermaat et al. 1996a; Moore et al. 1997; Ruiz and 
Romero 2003). 
  
Changes such as canopy height, shoot density and epiphyte biomass are most often 
related to changes in light availability and water quality caused by turbidity or nutrient 
input (Manzanera et al. 1998; McGlathery 2001; Frankovich and Zieman 2005).  These 
variables are also the factors which are most often viewed as important when comparing 
sites and judging whether they are “healthy” or “unhealthy” (Wood and Lavery 2000).  
A laywoman might use these factors to compare sites and conclude from this whether or 
not one site was different to another.  Evaluation of these factors would vary depending 
on a person’s experience in the area, knowledge of local history or views formed from 
outside sources, such as media reports or hearsay.  However, whether these factors 
demonstrate any measurable differences among sites is the final indicator of whether a   64
difference among sites truly exists.  Wood and Lavery (2000) examined the role of 
perception in defining seagrass health.  They found that four variables (canopy cover, 
shoot density, epiphyte biomass and the proportion of calcareous epiphytes) were 
important in developing perceptions, however, none of these variables differed 
statistically between sites perceived to be “healthy” and “unhealthy” in winter (Wood 
and Lavery 2000).  Epiphyte load was not different between healthy and unhealthy sites, 
despite their perceived importance and the study concluded that the usefulness of these 
variables as indicators of health varied seasonally (Wood and Lavery 2000).   
 
Two sites with apparent differences, west and east Mangles Bay, were examined in 
terms of seagrass photosynthetic activity and meadow characteristics.  The sites 
appeared to have different meadow densities and epiphyte loads, and were used 
differently by the public.  Examinations of Posidonia sinuosa photosynthetic activity 
and meadow characteristics were carried out to determine if there were differences 
between sites, and how the meadow characteristics related to (and influenced) the 
photosynthetic activity at the sites.  The results from these findings would be examined 
to determine if apparent visual differences between west and east meadows were 
reflected by measured physical and photosynthetic characteristics.  The hypotheses 
tested were:  
1)  photosynthetic rates (ETRmax, ΔF/Fm′ and Fv/Fm) of P. sinuosa will be significantly 
different between the west and east sites, and 
2)  there will be a significant difference in the meadow characteristics (canopy height, 
shoot density, leaf area index, epiphytes biomass and sediment grain size) between 
the west and east sites. 
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5.2 Methods 
5.2.1 Site  selection 
Sites were chosen that seemed to be differently impacted based on the author’s visual 
comparisons of human use of the surrounding areas, visual estimates of epiphytic cover 
and whether sheltered or unsheltered from ocean swells.  Sites at Mangles Bay near 
Rockingham, Western Australia, were chosen on the basis of being close together in 
order to minimise time between sampling.  The two sites were separated by a rock-filled 
causeway that connected the mainland near Rockingham to Garden Island.  P. sinuosa 
was growing at both sites and was selected as the species for comparison.   Posidonia 
australis was also growing at both sites.   
 
The east site was at the southern end of Cockburn Sound (S 32° 16.412’, E 115° 
41.933’) and was sheltered from the Indian Ocean by the causeway (Figure 15), which 
limited water movement.  The site was approximately 120 m from the beach in 1.8 m of 
water.  The beach at this site was used by the public as a boat launching area.  Visual 
examination of the site revealed that the meadow was patchy with clumps of seagrasses 
surrounded by thinner meadow, with areas where the substrate could easily be seen 
through the canopy.  The epiphytes at this site appeared thick and smothering, although 
easily removed by hand.  Visibility on the day of sampling was approximately 3 - 4 m.   
 
The west site was directly exposed to the Indian Ocean (S 32° 16.181’, E 115° 41.835’) 
and was marginally sheltered by Point Peron (Figure 15).  The site was approximately 
20 – 30 m from the beach in 2.6 m of water.  This site was used as a swimming, 
canoeing and fishing beach by the public.  Visual examination suggested a thicker 
meadow than the east site, with P. sinuosa growing in a dense windrow pattern.  The 
substrate could only be glimpsed between windrows when waves caused the seagrass to   66
move.  The epiphytes appeared less dense although harder to remove than at the east 
site.  Visibility on the day of sampling was approximately 2 m, due to suspended 
particulate matter washed in from a sand pile approximately 50 m away.  The sand pile 
was deposited on the beach as part of the maintenance of a nearby boating facility. 
 
Figure 15:   West and east Mangles Bay sites, at the southern end of Cockburn Sound, 
Western Australia (Oceanica 2004).   
 
5.2.2  Chlorophyll fluorescence measurements 
Dark-acclimated  Fv/Fm (six minutes dark-acclimation), light-acclimated ΔF/Fm′ and 
RLCs were carried out as described in section 4.2.1 on 4 June 2005 between 0940 and 
1330 h.  Visible epiphytic growth at the measurement sites was easily removed by 
rubbing the leaf with a finger.  Ten replicate measurements of Fv/Fm and eight replicate 
measurements of ΔF/Fm′ and ETR (RLCs) were made on separate leaves at each site.   
 
5.2.3 Meadow  characteristics 
5.2.3.1 Canopy height 
Ten replicate canopy height measurements were made randomly within 5 m of the 
sampling site, measuring the minimum and maximum canopy height under the 
prevailing conditions.  These were averaged to give canopy height.     67
5.2.3.2 Shoot density 
Shoot counts (shoots per m
2) were carried out for nine replicate 25 × 25 cm quadrats to 
determine shoot density.   
 
5.2.3.3 Leaf area index 
The leaf area index was calculated after clearing a 25 × 25 cm quadrat.  Leaf length and 
width (base, middle and tip) were measured.  Leaf area index (m
2 leaf m
-2 ground area) 
was calculated as the product of the average shoot area (length × width) and the shoot 
density, and was doubled to allow for both sides of the leaf. 
 
5.2.3.4 Epiphyte biomass 
Ten replicate leaves were arbitrarily  selected  to  determine  the  epiphyte  biomass        
(mg dw cm
-2 leaf area) and to examine this in terms of base and tip epiphyte loading.  
Leaves were divided into base (≤15 cm from leaf sheath) and tip (>15 cm from leaf 
sheath) sections, because readings of photosynthetic rates were measured at the base of 
the leaves.  All visible epiphytes were scraped off with a razor blade and oven-dried at 
80 °C for 24 h to determine epiphyte dry weight cm
-2 leaf area. 
 
5.2.3.5 Sediment grain size 
Five replicate surface sediment samples were collected to compare sediment grain size 
at each site.  The sediment samples were oven-dried at 80 °C for 48 h before grading 
into seven categories (greater than 2mm to less than 0.063 mm), using a mechanical 
shaker for fifteen minutes and standard laboratory sieves (Endecotts Ltd London, 
England: 2 mm, 1 mm, 0.5 mm, 0.25 mm, 0.125 mm, >0.063 mm and <0.063 mm).  
Each fraction was weighed enabling a size fraction distribution to be calculated.   
Sediments were classified according to the proportionate grain size distribution within 
the categories developed by Inman (1952).   68
5.2.4 Data  analysis 
Photosynthetic ETR of P. sinuosa at the two sites was compared using a two-way ANOVA 
(factors: site × irradiance).  The ΔF/Fm′ , Fv/Fm  , ambient light, canopy height, shoot 
density, leaf area index and epiphyte biomass were each compared between sites using 
one-way ANOVAs.  Sediment grain size analysis between sites was compared using a 
two-way ANOVA (factors: site × grain size).  All assumptions for the ANOVAs were 
met; data were log transformed where necessary (Zar 1999).  When the ANOVA yielded 
a significant result (p < 0.05), a post-hoc pair-wise comparison of the sample means was 
performed using the ‘Tukey’s honestly significant difference’ test (Tukey HSD).   
Probabilities of less than or equal to 0.05 were taken to be significant.  Analyses were 
performed using JMP for Windows (Version 6.0, SAS Institute Inc.).  Empirical data were 
mathematically fitted to a double-exponential decay function (Platt et al. 1980), as 
described in section 2.2.3. 
 
5.3 Results 
There were significant differences in photosynthetic ETR between the east and west 
sites (Figure 16).  A two-way interaction was detected between site and irradiance 
(F8,118 = 2.83, p < 0.05).  ETR at the west site was significantly lower than at the east 
site at all irradiances, except at 0, 1023 and 1664 µmol quanta m
-2 s
-1, which were the 
same (Tukey HSD, p < 0.05, Figure 16).   
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Figure 16:  The photosynthetic ETR (mean ± SD) of Posidonia sinuosa at west and east 
Mangles Bay (n = 8).  Within irradiance, ^ indicates where ETR is 
significantly different between sites (p < 0.05).     69
The ETRmax at the west site was 6.7 ± 2.1 µmol electron m
-2 s
-1 and the ETRmax at the 
east site was 10.8 ± 2.0 µmol electron m
-2 s
-1.  ETRmax differed by 32 and 18% of the 
mean at the west and east sites respectively.  The west site had lower ambient light 
(60.3 ± 8.7 µmol quanta m
-2 s
-1) compared to the east site (64.1 ± 19.7 µmol quanta     
m
-2 s
-1, ± SD, Table 5), although this was not significantly different.  There was no 
significant difference in the ΔF/Fm′ and Fv/Fm of the two sites (Table 5).   
 
Table 5:   The characteristics of Posidonia sinuosa meadows at west and east Mangles 
Bay (mean ± SD). 
 meadow characteristics west east
^ significance 
at 0.05 level
n
depth (m)  2.6 1.8 ns
ambient light (µmol quanta m
-2 s
-1)  60.3 ± 8.70 64.1 ± 19.7 ns 10
 ETRmax (µmol electron m
-2 s
-1)  6.7 ± 2.1 10.8 ± 2.00  ^ 8
 ΔF / Fm' (effective quantum yield)  0.67 ± 0.07 0.70 ± 0.04 ns 8
 Fv / Fm (potential quantum yield)  0.81 ± 0.01 0.80 ± 0.02 ns 10
 canopy height (cm)  35.6 ± 4.80 37.5 ± 4.60 ns 10
 shoot density (shoots per m
2)  613 ± 257 329 ± 390 ns 9
 leaf area index (m
2 m
-2)  3.2 ± 1.9 1.4 ± 0.6 ^ 60,77
 epiphyte biomass base (mg dw cm
-2 leaf area)  3.7 ± 1.8 5.3 ± 2.2 ns 10
 epiphyte biomass tip (mg dw cm
-2 leaf area)  7.3 ± 3.0 9.2 ± 3.5 ns 10
 epiphyte biomass total (mg dw cm
-2 leaf area)  5.9 ± 2.3 7.7 ± 2.6 ns 10
 sediment grain size  see Figure 17 see Figure 17 ^ 5  
 
There was no difference in canopy height or shoot density at the two sites (Table 5).  
The canopy height at the west site was 35.6 ± 4.8 cm and 37.5 ± 4.6 cm at the east site.  
The shoot density at the west site was   613 ± 257 shoots per m
2 where the seagrasses 
grew in distinct windrows, and 329 ± 390 shoots per m
2 at the east site where the 
seagrasses grew in distinct clumps.  The leaf area index was 3.2 ± 1.9 m
2 m
-2 for the 
west site and 1.4 ± 0.6 m
2 m
-2 for the east site and was significantly different for the two 
sites (F1,135 = 36.06, p < 0.05).  There was no difference in epiphyte biomass at the two 
sites (Table 5).     
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Significant differences in sediment grain size were observed between sites (Figure 17).  
A two-way interaction was detected between site and sediment  grain  size                 
(F6,56 = 5.66,  p < 0.05). The west site had a higher proportion of fine sand (>0.063 mm) 
than the east site (Tukey HSD, p < 0.05, Figure 17).  All other grain size categories 
were not significantly different.  The east site had an overall higher proportion of coarse 
material, with less sediment in fine fractions (<0.125 mm), although this was not 
significant.  Correspondingly, the west site had an overall higher proportion of fine 
material, with less sediment in the coarse fractions (>0.125 mm), although this was not 
significant.  At both sites the highest proportion of grains was fine sand (0.125 mm).   
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Figure 17:  The grain size composition at west and east Mangles Bay (mean ± SD, n = 5).  
Within sediment grain size, bars with the same letters indicate no significant 
difference between sites. 
 
5.4 Discussion 
The lower ETR at the west site coincided with lower ambient light and deeper water 
than the east site, and corresponds to reports relating decreased photosynthetic rates   71
with decreasing light and increasing depth (Pirc 1986; Ralph et al. 1998; Major and 
Dunton 2002; Olesen et al. 2002; Schwarz and Hellblom 2002; Silva and Santos 2003).  
The lack of difference in ΔF/Fm′ and Fv/Fm between sites indicated that one site was not 
more stressed or light deprived than the other, as a decrease in Fv/Fm is usually 
indicative of a reduction in PSII activity, or photoinhibition (Beer and Björk 2000), 
while Campbell et al. (2003) suggested a decrease in Fv/Fm could be a response to light 
deprivation.   
 
The patchy growth of P. sinuosa at the east site, characterised by lower mean shoot 
density and lower leaf area index, is likely to contribute to the significantly higher ETR 
at this site, due to the reduced self-shading and higher irradiance reaching the base of 
the leaves where the measurements were taken (Ralph et al. 1998; Major and Dunton 
2002; Silva and Santos 2003).  Conversely, the west site showed even growth in 
windrows, characterised by higher shoot density and higher leaf area index. The west 
site had a lower ETR, due to lower irradiance reaching the base of the leaves where the 
measurements were taken.  
 
There was an overall higher proportion of coarse material at the east site, with less 
sediment in fine fractions.  This is contrary to what was expected, with a higher 
proportion  of  fine  sand  normally  being  found  in  areas  of  lower  water  movement  
(van Keulen and Borowitzka 2003).  It was presumed that the east site was sheltered by 
the causeway resulting in less exposure and a higher proportion of fine fractions, 
particularly as suspended particulate matter was constantly observed at this site.   
However, this was not the case.  The deviation from what was expected may be due to 
the suspension of very fine sediments due to water movement and reduced settling of 
such fine sediments.  A similar finding was reported by Tunbridge (2000) during   72
seagrass plug and sprig transplantation trials at Mangles Bay, which also noted that the 
dominant sediment was fine and medium sand.  The west site showed a higher 
proportion of fine sediments and may have been influenced by the deposition of sand on 
the nearby beach (less than 50 m away) for the maintenance of a boat launching facility.  
Part of the sand deposited on the beach was washed into the water as waves broke on 
the beach and it is likely that this contributed to the higher proportion of fine sediments 
at this site.  The difference in sediment grain composition between sites indicates that 
the two sites have different water flow regimes.  Studies reporting the effects of 
sedimentation and reduced light availability on seagrasses have been conducted, which 
indicated decreased meadow productivity under low irradiance (Vermaat et al. 1996a; 
Moore et al. 1997; Manzanera et al. 1998; Ramírez-García et al. 1998; Ruiz and 
Romero 2003).  Studies on the effects of water flow and currents on nutrient uptake, 
respiration and photosynthesis reported that freshwater algae had a higher respiratory 
rate and higher phosphorus uptake in a current as compared with still water (Whitford 
and Schumacher 1961, 1964; Schumacher and Whitford 1965).  Oxygen metabolism 
from  Zostera marina was enhanced with increased current speeds (Conover 1968; 
Nixon and Oviatt 1972).  Apparent photosynthesis of the submerged macrophyte 
Callitriche stagnalis was stimulated by increasing velocities to 8-12 mm s
-1, but higher 
velocities inhibited photosynthesis (Madsen and Søndergaard 1983).  Future studies 
using chlorophyll fluorometry could be expanded to determine how changes in water 
flow relate to photosynthetic activity in seagrasses. 
 
Although visual differences in meadow characteristics between the two sites suggested 
differences in photosynthetic activity, there was actually a poor connection between 
physical and photosynthetic characteristics at these two meadows.  The large variability 
in ETR reported in this and other studies (Ralph et al. 1998; Silva and Santos 2003;   73
Runcie and Durako 2004) indicated that it may be difficult to determine when changes 
in photosynthetic rates are the product of a stressor or simply normal meadow 
fluctuations.  Large fluctuations in meadow characteristics such as canopy height, shoot 
density, leaf area index and epiphyte biomass also make it difficult to determine 
whether one site is “healthier” than another.  This indicates that the effects of external 
stress on ETR and meadow characteristics have to be greater than the natural variation 
of the seagrasses and, as concluded in Chapter 3 and 4, it would be difficult to attribute 
these changes exclusively to a particular stress.  Variables such as those examined in 
this study should not be used when attempting to visually assess whether one site will 
be more photosynthetically active than another.  Similarly, a study by Wood and Lavery 
(2000) examining the role of perception in defining health and indicators, concluded 
that four variables used in developing perceptions – canopy cover, shoot density, 
epiphyte biomass and the proportion of calcareous epiphytes – showed no significant 
differences between sites perceived to be “healthy” and “unhealthy”(Wood and Lavery 
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6.   Photosynthetic recovery and survival of Posidonia sinuosa sprigs 
and plugs after transplantation 
 
6.1 Introduction      
Seagrass ecosystems provide an array of ecological functions and are highly productive 
components of estuarine and coastal ecosystems supporting diverse faunal assemblages 
(Thayer et al. 1984; Heck et al. 1995; Sheridan et al. 2003). Seagrasses filter and retain 
nutrients from the water (Short and Short 1984). They also promote sediment 
stabilisation (Ward et al. 1984; van Keulen et al. 2003) and baffle wave energy 
(Fonseca and Fisher 1986), thereby reducing erosional forces and protecting adjacent 
shorelines  (Christiansen et al. 1981).  Despite these crucial roles, human activities 
continue to result in seagrass decline.  Eutrophication, anchor damage, land reclamation 
and dredging include some of the causes of seagrass loss (Short and Wyllie-Echeverria 
1996; Duarte 2002). 
 
Loss of biodiversity has been recognised as a major threat to the continued functioning 
of ecosystems (Suchanek 1994; Perrings et al. 1995).  Reduced ecosystem functioning 
has been well recognised in terrestrial habitats and has resulted in mitigation and 
restoration projects (Jordan et al. 1993; Perrings et al. 1995), however current efforts in 
marine environments appear to be less effective (Fonseca et al. 1998).  Seagrass 
transplantation projects have aimed to restore areas where seagrasses have been lost due 
to human activities.  However, successful transplantation in the marine environment has 
its own problems such as reduced water quality and increased turbidity due to coastal 
erosion, pollution and algal growth (Orth and Moore 1983; Cambridge and McComb 
1984; Cambridge et al. 1986; Onuf 1994), and high energy environments (Lord et al. 
1999; Paling et al. 2001a).  A variety of transplanting methods have been trialled in an 
effort to improve seagrass transplanting successes.   75
Davis and Short (1997) summarised that seagrass transplantation methods could be 
grouped into three broad categories: (1) shoots with sediment intact, known as plugs or 
cores, (2) seeds and (3) shoots with bare roots, known as sprigs.  The preferred method 
of transplantation is extracting plugs of shoots with the sediment intact (Phillips 1990), 
as the rhizome system remains intact, including part of the sediment nutrient pool to 
which the plant is adapted (Davis and Short 1997).  A large scale example of this 
method using a mechanically transplanted unit known as a sod (0.25 m
2 in area and     
0.5 m deep) has been trialled by Paling et al. (2001a; 2001b; 2003), with sods showing 
an average survival of approximately 70% after three years (Paling et al. 2001b).  Plugs 
of smaller size have been extracted using PVC pipes (Phillips 1990; van Keulen et al. 
2003), sod pluggers (Fonseca et al. 1996), small metal cans (Kelly et al. 1971; Harrison 
1990) and shovels (Addy 1947a; Churchill et al. 1978).  The disadvantage of the 
plug/core method is that holes are created in a healthy donor site, resulting in 
susceptibility to erosion (Davis and Short 1997).  Seeds can be used after collecting 
reproductive shoots from natural meadows and storing them in seawater until 
maturation (Addy 1947a; Lewis and Phillips 1980; Fukuda 1987).  The main advantage 
in using seeds is that a large number can be sown over large areas quickly and easily, 
but currents and bioturbation can mean that the seeds are easily transported, hence there 
is no guarantee that they will germinate where they are sown (Davis and Short 1997).  
The time taken for collection of a large number of viable seeds can also be a 
disadvantage (Churchill et al. 1978; Lewis and Phillips 1980; Phillips and Lewis 1983).  
The sprig method involves removing a section of rhizome with shoots attached from a 
donor meadow and transplanting them individually or in groups, with or without an 
anchoring mechanism (Churchill et al. 1978).  Anchors may include U-shaped metal 
staples placed over the rhizome (Phillips and Lewis 1983), biodegradable stick anchors 
(Merkel and Hoffman 1990), or shoots woven into, or covered with mesh fabric   76
anchored with steel pins (Homziak et al. 1982; Tunbridge 2000).  Sprigs can be 
collected quickly and are more easily transplanted than plugs, but are susceptible to 
dislodging once transplanted.   
 
Studies investigating the use of chlorophyll fluorometry to assess the photosynthetic 
responses of transplanted seagrasses have been limited.  However, Durako et al. (2003) 
used chlorophyll fluorometry to examine the photobiology of two populations of 
Halophila johnsonii and Halophila decipiens in Florida, USA, in an attempt to explain 
distribution patterns. Their project involved reciprocal transplants to evaluate 
photosynthetic patterns and found that H. johnsonii possessed UV-absorbing pigments 
(UVP), which together with a tolerance to higher irradiances, allowed this species to 
exploit shallow habitats without competition from the UVP lacking H. decipiens.         
H. decipiens had a high mortality when transplanted from deep to shallow sites (Durako 
et al. 2003).  Figueroa et al. (2002) also used PAM fluorometry in seagrass transference 
studies on Posidonia oceanica in southern Spain to examine the effects of solar 
radiation on photosynthesis.  They concluded that P. oceanica seemed acclimated to high 
solar irradiance and that UV radiation could trigger the induction of photoprotective 
mechanisms against high solar irradiance (Figueroa et al. 2002). 
 
Research examining the photosynthetic characteristics of seagrasses before, during and 
after transplantation have not been published and this study attempts to resolve the 
uncertainty surrounding the processes occurring during transplantation.  In this study 
two methods of seagrass transplantation were trialled on Posidonia sinuosa: sprigs and 
plugs.  The aim was to examine the change in the photosynthetic rate during the process 
of transplantation, and to determine if the sprigs and plugs recovered to the same rate as 
naturally-occurring seagrasses at the transplant sites.  The time taken for photosynthetic 
recovery and the survival rate of the sprigs and plugs were also examined.                     77
The hypotheses tested were:  
Sprigs: 
1)  photosynthetic rates (ETRmax,  ΔF/Fm′ and Fv/Fm) of P. sinuosa sprigs will vary 
significantly before, during and after transplantation,  
2)  photosynthetic rates of transplanted sprigs and the natural control meadow at the 
recipient site will vary significantly, 
Plugs: 
3)  photosynthetic rates of P. sinuosa plugs will vary significantly before, during and 
after transplantation, and 
4)  photosynthetic rates of transplanted plugs and the natural control meadow at the 
recipient site will vary significantly. 
 
6.2   Methods 
6.2.1   Sprig transplantation at Southern Flats 
This study was part of the Seagrass Research and Rehabilitation Plan, Project 3, 
carried out by the Marine and Freshwater Research Laboratory (Paling and van Keulen 
2004).  Transplantation of 1.4 hectares of P. sinuosa sprigs took place on three 
occasions between November 2004 and February 2005.  Sprigs were collected from 
Parmelia Bank, Western Australia (4.6 – 6.6 m depth,  S 32º 08.097’, E 115º 42.387’), 
and were transplanted to Southern Flats (2.0 – 3.8 m depth,  S 32º 15’, E 115º 43’,  
Figure 3).   
 
Suitable sprig transplant material was collected from the edge of the donor meadow by 
removing sections of seagrass rhizomes that had leaves and white roots attached.  The 
transplant material was brought onto a boat and stored in seawater-filled containers, 
shaded by the boat’s canopy.  During transport to the recipient site, the sprigs were 
removed from the containers and the rhizomes were tied to wire staples with   78
biodegradable twine (Figure 18a).  This process meant that the sprigs were emersed for 
up to fifteen minutes.  The sprigs were then replaced in the water-filled containers until 
ready to plant (Figure 18b).  Upon arrival at the recipient site, the sprigs were moved 
into free-draining crates to enable transport underwater.  Not all the crates could be 
carried at once and therefore some were left on the boat for up to one and a half hours, 
covered with wet calico bags until divers were ready to plant the sprigs.   
 
Figure 18: Examples of (a) a Posidonia sinuosa sprig tied by the rhizome to a wire 
staple and (b) sprigs ready for transplantation, stored in seawater-filled 
containers during transport. 
 
Southern Flats was selected as the recipient site, based on suitable sediment and water 
quality characteristics (Paling et al. 2002). Small patches of P. sinuosa and P. australis 
occurred naturally at the recipient site.  The site had been marked out with rope during 
preparation prior to transplantation.  The rope was laid out in two adjacent 100 × 100 m 
grids.  Each team of divers took a crate filled with sprigs and a 1 × 1 m quadrat and 
proceeded to plant sprigs with a spacing of 1 m (Figure 19a).  Sprigs were planted by 
pushing the wire staple into the sand and creating a furrow for the rhizome, 
approximately 10 cm deep.  The rhizome and its roots were covered with sand, making 
sure that the leaves remained exposed. 
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6.2.1.1 Chlorophyll fluorescence measurements 
One leaf per sprig was dark-acclimated for six minutes (section 4.2.1.1), followed by a 
saturating pulse, giving an Fv/Fm measurement.  Light-acclimated ΔF/Fm′ and RLCs 
were carried out as described in section 3.2.3.  Visible epiphytic growth at the 
measurement sites was easily removed by rubbing the leaf with a finger.  Ten replicate 
measurements of Fv/Fm , and seven replicate measurements of ΔF/Fm′ and ETR (RLCs) 
were made at each stage of the transplant process as described in section 6.2.1.2. 
 
6.2.1.2 Sampling protocol during transplantation 
Transplantation of 1.4 hectares of sprigs took place on three occasions between 
November 2004 and February 2005.  Each occasion consisted of four consecutive days 
of transplantation (November 8-11, December 6-9 and February 14-17).  On each day 
sprigs were collected from Parmelia Bank, transported to Southern Flats and 
transplanted.  Fluorescence measurements were made on the following: 
1)  in situ P. sinuosa material before removal for transplantation, Parmelia Bank, 
2)  collected material, once tied onto wire staples while stored in water-filled 
containers, during transport to Southern Flats (Figure 19b), 
3)  transplanted sprigs, Southern Flats, and 
4)  control P. sinuosa, naturally occurring near the recipient site at Southern Flats. 
 
Figure 19: Examples of (a) transplanting sprigs at Southern Flats using a 1 × 1 m 
quadrat and (b) dark-acclimating Posidonia sinuosa sprigs for 
measurements during transport.   80
On each day measurements were made as described above.  In addition, the transplants 
planted on previous days were re-measured, in order to determine any changes in 
photosynthetic rates. 
 
6.2.1.3 Sampling protocol after transplantation 
Transplants were revisited during March and May 2005.  On each visit fluorescence 
measurements were made on the following: 
1)  transplanted sprigs, Southern Flats, and 
2)  control P. sinuosa, naturally occurring near the recipient site at Southern Flats. 
 
6.2.1.4 Sampling times 
For logistical reasons, fluorescence measurements could not all be taken at the same 
time.  Measurements were made on each day between the following times: 
1)  0930 – 1040 h: donor site, Parmelia Bank, 
2)  1030 – 1200 h: during transport on the boat, 
3)  0850 – 1640 h: transplanted sprigs, Southern Flats, and 
4)  0850 – 1510 h: control P. sinuosa meadow, Southern Flats. 
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6.2.2   Plug and sprig transplantation at Woodman Point 
Three plug sizes (5, 10 and 15 cm diameter) and one set of sprigs were transplanted at 
Woodman Point, Western Australia (S 32° 08.180’, E 115° 44.745’), during February 
2005 (Figure 3).  Plugs and sprigs were collected from the edge of a P. sinuosa 
seagrass meadow (2.0 m) and transplanted into an adjacent area of bare sand (1.9 m).   
 
Ten replicate plugs of each size were collected from the edge of the donor meadow by 
hammering PVC plug sleeves into the seagrass.  After the plug sleeves were in place, 
the surrounding sand was dug away to remove the plug from the sediment.  A cap was 
placed on the bottom of the PVC plugs to prevent loss of material.  Plugs were 
extracted and transplanted using the method described by van Keulen et al. (2003).  
Ten sprigs were collected by removing a section of rhizome from the edge of the 
meadow and tying the sprig onto wire staples underwater (section 6.2.1). 
 
The plugs and sprigs were moved underwater to the recipient site.  Plugs were planted 
in a 2 × 5 configuration, with a spacing of 15 - 35 cm between them.  Sprigs were 
planted by pushing the wire staple into the sand and creating a furrow for the rhizome, 
approximately 10 cm deep.  The rhizome and roots were covered with sand, making 
sure the leaves remained exposed.  Sprigs were planted in a 2 × 5 configuration, with a 
spacing of 25 cm between them. 
 
6.2.2.1 Chlorophyll fluorescence measurements 
One leaf per plug/sprig was dark-acclimated for six minutes (section 4.2.1) followed by 
a saturating pulse, giving an Fv/Fm measurement. Light-acclimated ΔF/Fm′ and RLC 
measurements were carried out as described in section 3.2.3.  Visible epiphytic growth 
at the measurement sites was easily removed by rubbing the leaf with a finger.  Ten 
replicate measurements of Fv/Fm ,  ΔF/Fm′  and  ETR (RLCs) were made at each stage 
of the transplant process as described in section 6.2.2.2.   82
6.2.2.2 Sampling protocol during transplantation 
Transplantation of plugs and sprigs took place on three days during February 2005.  On 
each day, ten plugs of the appropriate size (5, 10 or 15 cm diameter) were transplanted 
and on one of the days sprigs were also transplanted.  Fluorescence measurements were 
made on the following: 
1)  in situ P. sinuosa material before removal for transplantation, 
2)  transplant material after the PVC plug sleeve had been hammered into the meadow, 
but before removal from the substrate (Figure 20a), 
3)  collected transplant material while still in the plug sleeve at the recipient site before 
transplantation (Figure 20b), 
4)  transplanted P. sinuosa plugs (Figure 20c), and 
5)  transplanted P. sinuosa sprigs. 
 
 
Figure 20: Examples of fluorescence measurements on transplant material, (a) PVC 
plugs inserted before removal, (b) on transplant material while in the PVC 
plug before transplantation and (c) on transplanted plug material.     83
6.2.2.3 Sampling protocol after transplantation 
Plugs and sprigs were revisited once a week for four weeks and then periodically until     
5 July 2005.  On each revisit, fluorescence measurements were made on the following:  
1)  5 cm diameter plugs,  
2)  10 cm diameter plugs,  
3)  15 cm diameter plugs,      
4) sprigs,  and   
5) control  P. sinuosa meadow naturally occurring adjacent to the recipient sand patch. 
 
6.2.2.4 Sampling times 
For logistical reasons, fluorescence measurements could not all be taken at the same 
time.  Measurements were made between the following times: 
1)  1020 – 1110 h: 5 cm plugs, 
2)  0800 – 1010 h: 10 cm plugs, 
3)  0800 – 0948 h: 15 cm plugs, 
4)  0800 – 1040 h: sprigs, and 
5)  0840 – 1135 h: control meadow. 
 
6.2.3 Data  analysis 
P. sinuosa sprigs and plugs were analysed for significant differences during the 
transplant process. ETRmax were compared before, during and after transplantation using 
two-way ANOVAs (factors: transplant × time).  Fv/Fm , and ΔF/Fm′ were compared 
before, during and after transplantation using two-way ANOVAs (factors: transplant × 
time). All assumptions for the ANOVA were met; data were square root transformed 
where necessary (Zar 1999). When the ANOVA yielded a significant result (p < 0.05), a 
post-hoc pair-wise comparison of the sample means was performed using the ‘Tukey’s 
honestly significant difference’ test (Tukey HSD).  Probabilities of less than or equal to 
0.05 were taken to be significant.  Analyses were performed using JMP for Windows 
(Version 6.0, SAS Institute Inc.). Empirical data were mathematically fitted to a 
double-exponential decay function (Platt et al. 1980), as described in section 2.2.3.     84
6.3 Results 
6.3.1 Sprig  transplantation 
Differences in ETRmax of the transplanted sprigs were observed.  A two-way interaction 
was detected between transplant and time (F13,498 = 10.46, p < 0.05).  ETRmax of the 
transplanted sprigs did not change significantly after removal from Parmelia Bank when 
on the boat during transport (Figure 21).  By the time the sprigs were planted at 
Southern Flats, their ETRmax was not significantly different.  The transplanted sprigs 
showed a significantly lower ETRmax compared to the control P. sinuosa meadow 
occurring at Southern Flats (Tukey HSD, p < 0.05).  ETRmax of the sprigs took one to 
two months to increase to the same level as was recorded at the control meadow.   
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Figure 21: Sprig transplant recovery (ETRmax, mean ± SD) of transplanted (a) 
November, (b) December and (c) February sprigs, in relation to Parmelia 
Bank (before removal), on the boat (during transport) and control meadow 
at Southern Flats.  Within month, ^ indicates where ETRmax were 
significantly different between sprig transplants and control meadow.   85
ETRmax of the natural meadow at Parmelia Bank (growing at 4.6 – 6.6 m) was 
significantly lower than the ETRmax of the natural control meadow at Southern Flats 
(growing at 1.8 – 2.9 m, Tukey HSD, p < 0.05).  Parmelia Bank had lower ambient light 
(197 µmol quanta m
-2 s
-1) compared to Southern Flats (544 µmol quanta m
-2 s
-1,     
Table 6). 
 
Table 6:   The ambient light (µmol quanta m
-2 s
-1, mean ± SD) at location of RLC 
measurement at Parmelia Bank, on the boat during transport and at Southern 
Flats (n: 96 to 111). 
Location
Ambient Light            
(µmol quanta m
-2 s
-1)
Parmelia Bank  197.3 ± 140.8
Boat (during transport)    87.2 ± 160.5
Southern Flats  543.8 ± 291.8  
 
Differences in ΔF/Fm′ and Fv/Fm of the sprigs were observed.  A two-way interaction 
was detected between transplant and time for ΔF/Fm′ (F13,534 = 10.06, p < 0.05) and    
Fv/Fm (F13,663 = 5.87, p < 0.05).  The ΔF/Fm′ and Fv/Fm of the transplanted sprigs did not 
change after removal from Parmelia Bank (Figure 22).  However, by the time they were 
planted at Southern Flats, ΔF/Fm′ and Fv/Fm  had decreased significantly to below that of 
Parmelia Bank before removal (Tukey HSD, p < 0.05).  The transplanted sprigs showed 
significantly lower ΔF/Fm′ and Fv/Fm compared to the control meadow at Southern Flats 
(Tukey HSD, p < 0.05).  The ΔF/Fm′ decreased to below 0.2 after transplantation, 
before full recovery.  The ΔF/Fm′ of the sprigs took up to three months to increase to the 
same level as was recorded at the control meadow.  The ΔF/Fm′ and Fv/Fm of the natural 
meadow at Parmelia Bank (4.6 – 6.6 m) were the same as was recorded at the control 
meadow at Southern Flats (1.8 – 2.9 m).   86
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Figure 22: Sprig transplant recovery of (a) November, (b) December and (c) February 
sprigs. Graphs show effective (ΔF/Fm′) and potential (Fv/Fm) quantum yield 
of sprigs in relation to Parmelia Bank (before removal), on the boat (during 
transport) and control meadow at Southern Flats (mean ± SD).  Within 
month, ^ indicates where yield was significantly different between sprig 
transplants and control meadow.   87
The ΔF/Fm′ ranged between 0.58 - 0.67 at Parmelia Bank and 0.45 – 0.66 at Southern 
Flats control meadow.  The Fv/Fm ranged between 0.76 – 0.80 at Parmelia Bank and         
0.71 – 0.84 at Southern Flats.  The sprig transplants showed their lowest ΔF/Fm′ of   
0.15 – 0.29 immediately after transplantation,  which  increased  to  a  maximum  of       
0.59 – 0.61 in May.  The Fv/Fm of the sprig transplants ranged from 0.54 – 0.67 just 
after transplantation, to a maximum of 0.81 – 0.85 in May.   
 
Incidental measurements were made on a number of sprigs that could not be planted on 
the day of collection.  The sprigs were stored and submerged on site in a crate 
overnight, to be transplanted on the following day.  There was no significant difference 
in photosynthetic rates between sprigs left in the submerged crate overnight before 
planting and sprigs planted the previous day (Figure 23). 
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Figure 23:   Photosynthetic rates of sprigs left submerged in a crate overnight and sprigs 
planted the previous day (mean ± SD, n = 7).   
   88
The survival of transplanted sprigs, defined as sprigs with leaves attached to rhizomes, 
to May 2005 decreased to 34.3 ± 2.5% for the November sprigs, 37.0 ± 5.7% for the 
December sprigs and 67.5 ± 16.0% for the February sprigs (± SD, Figure 24).  Heavy 
epiphytic fouling was observed after transplantation (Figure 25).  It was also noted that 
some of the wire staples had worked their way out of the sand, resulting in the sprigs 
hanging from the wire staples with their rhizomes out of the sediment.  Epiphytes had 
also colonised the rhizomes of these transplants.  Growth of new leaves was noted in 
May 2005; leaf growth of up to one centimetre was observed.  A variety of fauna was 
also observed at the transplant site after transplantation, including sea urchins (Table 7). 
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Figure 24: Sprig survival to May 2005.  Sprigs were planted at Southern Flats during 
November and December 2004, and February 2005 (mean ± SD, n = 100). 
 
Table 7:   Fauna observed at Southern Flats transplant site after transplantation, May 
2005.  
Common name Scientific name
West Australian seahorse   Hippocampus angustus
Port Jackson shark   Heterodontus portusjacksoni
Wavy grubfish   Parapercis haackei
Whiting   Sillago species
Butterfish   Pentapodus vitta
Common blowfish   Torquigener pleurogramma
Blue manna crab   Portunus pelagicus
Purple sea urchin   Heliocidaris erythrogramma
Lesueur's sand dollar   Peronella lesueuri
Feather star   Cenolia species
European fan worm   Sabella spallanzani
Horseshoe worm   Phoronis australis
Tube anemone   Pachycerianthus species
Common reef anemone  Isanemonia australis    89
 
Figure 25:   Epiphytic growth on a Posidonia sinuosa sprig at Southern Flats, March 
2005.  This sprig was planted in December 2004. 
 
6.3.2 Plug  transplantation 
ETRmax of the plugs did not change significantly after the plug sleeves were inserted or 
while the plugs were removed before transplantation (Figure 26), although a two-way 
interaction was detected between transplant and time (F22,271 = 1.89, p < 0.05).  ETRmax 
of the 5 cm plugs was significantly higher after transplantation (Tukey HSD, p < 0.05) 
compared to the control meadow and took one week to achieve the same level as was 
recorded at the control meadow.  None of the other plugs showed any difference in 
ETRmax compared to the control meadow after transplantation. A storm in early April 
dislodged and washed away all the 5 cm plug transplants. 
 
The sprigs did not show any difference in ETRmax compared to the control meadow after 
transplantation (Figure 26).   90
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Figure 26:  Transplant recovery of (a) 5 cm plugs, (b) 10 cm plugs, (c) 15 cm plugs and 
(d) sprigs, showing photosynthetic recovery (ETRmax, mean ± SD) of 
transplants before removal, plug sleeve inserted, plug removed and control 
meadow at Woodman Point.  Within time (month), ^ indicates where ETRmax 
were significantly different between transplants and control meadow.  NB: 
before removal and control meadow 23-25 February are the same data. 
 
 
The ambient light during the transplant process increased from 260 µmol quanta m
-2 s
-1 
before transplantation to 880 µmol quanta m
-2 s
-1 after transplantation (Table 8).  This is 
consistent with the diurnal pattern of irradiance throughout the day (Chapter 4).   
Table 8:   The ambient light (µmol quanta m
-2 s
-1, mean ± SD) at location of RLC 
measurement at Woodman Point (before removal), plug sleeve inserted, 
plug removed and transplant location (Woodman Point) (n = 30). 
Location
Ambient Light             
(µmol quanta m
-2 s
-1)
Woodman Point (before removal)      259.3 ± 145.6
Plug sleeve inserted        540.8 ±   54.0  
Plug removed         724.4 ±   89.1   
Transplant location (Woodman Point)      881.4 ±   80.6     91
Differences in ΔF/Fm′ and Fv/Fm of plugs were observed.  Two-way interactions were 
detected between transplant and time for ΔF/Fm′ (F22,288 = 2.90, p < 0.05) and Fv/Fm 
(F22,301 = 1.86, p < 0.05).  The ΔF/Fm′ of the plugs did not change significantly when the 
plug sleeves were inserted, but after the plugs were removed ΔF/Fm′ decreased 
significantly (Tukey HSD, p < 0.05, Figure 27).  After transplantation ΔF/Fm′ was 
significantly lower than at the control meadow (Tukey HSD, p < 0.05).  The 5 cm plugs 
took five weeks for ΔF/Fm′ to increase to the same level as was recorded at the control 
meadow.  A storm dislodged and washed away all of the 5 cm plugs, six weeks after 
transplantation.  The 10 cm and 15 cm plugs took two weeks for ΔF/Fm′ to recover to the 
same level as was recorded at the control meadow.  The Fv/Fm of the plugs did not change 
significantly when the plug sleeves were inserted, but after the plugs were removed Fv/Fm 
decreased significantly (Tukey HSD, p < 0.05, Figure 27).  The Fv/Fm of the plugs was 
significantly lower than at the control meadow after transplantation (Tukey  HSD,             
p < 0.05).  The 5 cm plugs took five weeks for Fv/Fm to increase to the same level as was 
recorded at the control meadow, and the 10 cm and 15 cm plugs took two weeks.   
 
The  ΔF/Fm′ of the sprigs decreased significantly  after  transplantation  (Tukey  HSD,          
p < 0.05, Figure 27d) and took five weeks to increase to the same level as was recorded 
at the control meadow.  The Fv/Fm of the sprigs also decreased significantly after 
transplantation (Tukey HSD, p < 0.05, Figure 27d) and took five weeks to increase to 
the same level as was recorded at the control meadow. 
 
The  ΔF/Fm′ of the Woodman Point control meadow ranged from 0.58 – 0.76 and       
Fv/Fm ranged from 0.81 – 0.87.  The plug transplants showed their lowest ΔF/Fm′ of 
0.41 – 0.45 after transplantation, which increased to a maximum of 0.66 – 0.69 in April.  
The sprigs showed their lowest ΔF/Fm′ of 0.34 ± 0.11 after transplantation, which 
increased to a maximum of 0.66 ± 0.03 in April.  The Fv/Fm of the plug transplants 
ranged between 0.67 – 0.88 and the sprigs ranged between 0.63 – 0.87.   92
F
v
 
/
 
F
m
0.0
0.2
0.4
0.6
0.8
1.0
Date 25 February
3 March
10 March
17 March
31 March
8 April
5 July
F
v
 
/
 
F
m
0.0
0.2
0.4
0.6
0.8
1.0
15cm plugs
Δ
F
 
/
 
F
m
'
 
0.0
0.2
0.4
0.6
0.8
1.0
5cm plugs
Δ
F
 
/
 
F
m
'
 
0.0
0.2
0.4
0.6
0.8
1.0
(a)
^ ^
sprigs
Date 25 February
3 March
10 March
17 March
31 March
8 April
5 July
Δ
F
 
/
 
F
m
'
 
0.0
0.2
0.4
0.6
0.8
1.0
^
(d)
10cm plugs
Δ
F
 
/
 
F
m
'
 
0.0
0.2
0.4
0.6
0.8
1.0
(c)
^ ^
^^
(b)
^ ^ ^
F
v
 
/
 
F
m
0.0
0.2
0.4
0.6
0.8
1.0
F
v
 
/
 
F
m
0.0
0.2
0.4
0.6
0.8
1.0
^ ^ ^
Transplants
Control meadow
Plug sleeve inserted
Plug removed
Before removal
^ ^
^ ^
^ ^
^
 
Figure 27:   Transplant recovery of (a) 5 cm plugs, (b) 10 cm plugs, (c) 15 cm plugs and 
(d) sprigs.  Graphs show effective (ΔF/Fm′) and potential (Fv/Fm) quantum 
yield of transplanted plugs before removal, plug sleeve inserted, plug 
removed, transplanted sprigs and control meadow at Woodman Point (mean 
± SD).  Within date, ^ indicates where yield was significantly different 
between transplants and control meadow.  NB: before removal and control 
meadow 25 February are the same data.  
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Survival of transplanted plugs and sprigs remained above 70% for five weeks, before a 
storm in early April dislodged and washed away most of the transplants (Figure 28).  
The survival of the transplants after the April storm and subsequent winter weather 
during April, June and July was 10% for the 10 cm plugs and sprigs, and 20% for the  
15 cm plugs.  None of the 5 cm plugs survived the April storm.  Loss of plugs was 
demonstrated by leaves that had been ripped from their leaf sheaths.  Some of the 
rhizome material remained in place after the leaves had been lost.  The sprigs that were 
lost during the storm were not completely washed away.  The rhizomes were still in 
place attached to the wire staples, but the leaves had been ripped from the leaf sheaths.  
Increased epiphytic fouling of surviving transplants was not evident.  Sea urchins were 
not observed at the Woodman Point transplantation site. 
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Figure 28:  Plug and sprig survival to 5 July 2005.  A storm in early April dislodged and 
washed away many of the transplants.   
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6.4 Discussion 
6.4.1 Sprig  transplantation 
Significant changes in the photosynthetic rates of sprigs were observed during the 
transplant process.  There were also significant differences in photosynthetic rates 
between transplanted sprigs and the control meadow at the recipient site (Figure 21 & 
Figure 22).  ETRmax decreased by approximately 20% after sprigs were removed from 
the donor meadow at Parmelia Bank to the point when measurements were made on the 
boat during transport to Southern Flats.  The decreasing ETRmax during transport was 
due to the stresses of removal as the seagrasses were removed from medium light 
conditions at Parmelia Bank and then measured under low light conditions on the boat 
(Table 6).  Seagrass photosynthetic responses to changes in light have been 
documented, indicating that photosynthetic rates decrease under low light conditions 
(Ralph et al. 1998; Major and Dunton 2002; Silva and Santos 2003), such as those 
during transport.  Photosynthetic response to changes in irradiance can occur in short 
periods of time (i.e. within minutes, Ralph and Burchett 1995; Beer et al. 1998; 
Enríquez et al. 2002), as was observed when the sprigs were moved from Parmelia 
Bank onto the boat.   
 
The tying procedure on the boat necessitated that the sprigs were exposed to the air for 
up to 15 minutes, during which time symptoms of desiccation (drying out of leaves) 
were observed.  Desiccation was exacerbated in that the air temperature was on 
occasion up to 20 °C higher than the water temperature.  Many of the sprigs also had to 
wait up to one and a half hours before being transplanted.  Although efforts were made 
to immerse the sprigs as soon as possible when signs of desiccation were noticed, it is 
now recognised that desiccation of the sprigs had a much greater deleterious effect than 
was initially thought. This was evidenced by the time it took for transplanted sprigs to  
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recover to the same photosynthetic activity as was recorded at the control  meadow    
(one to three months).  Björk et al. (1999) reported that desiccation (loss of 50% water 
content in seagrass leaves) can take as little as 10 minutes.  Seddon and Cheshire (2001) 
reported that P. australis showed little recovery after 15 minutes of exposure to air and 
the ability of the seagrass to recover from desiccation decreased at higher temperatures 
and longer air exposure (Ralph 1998b; Seddon and Cheshire 2001).  
 
The decreases in ΔF/Fm′ and Fv/Fm after transplantation, and the significant difference 
between transplanted sprigs and the control meadow, also indicate that stresses of 
removal (desiccation and exposure to increased  temperatures)  were  significant     
(Figure 22).  The ΔF/Fm′ decreased by 55-75% and Fv/Fm decreased by 16-30% during 
the time between removal at Parmelia Bank and planting at Southern Flats.  It took one 
to three months for the yields to recover to the same level as was recorded at the control 
meadow.  Desiccation causes cellular dehydration, which increases the concentration of 
electrolytes within the cell, causing changes to membrane-bound structures including 
the thylakoid (Wiltens et al. 1978).  Since chlorophyll protein complexes are contained 
within the thylakoid membrane, chlorophyll fluorescence is therefore a sensitive 
indicator of structural damage to this membrane (Schreiber and Bilger 1987).  Björk et 
al. (1999) reported that Halophila ovalis displayed a 50% drop in yield (ΔF/Fm′) after a 
loss of only 10% water content and was not able to recover to its original photosynthetic 
activity after losing 40% of its water content.  In contrast, Thalassia testudinum showed 
a remarkable capacity to regain close to its original yield, even after losing 85% water 
(Björk et al. 1999).  P. australis exposed to air for greater than fifteen minutes showed 
complete inhibition of Fv/Fm  , with little indication of recovery after two hours of 
re-immersion (Seddon and Cheshire 2001).  This lack of recovery indicated a more 
persistent PSII damage that was not repaired after eighteen hours of re-immersion 
(Seddon and Cheshire 2001).  In contrast, the results presented here indicate that  
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recovery in the long-term (months) and adjustment to the same level as was recorded at 
the surrounding control meadow is possible, even after significant PSII damage has 
occurred.  Adams and Bate (1994) reported that recovery of Zostera capricorni exposed 
to desiccation was not due to rehabilitation of damaged leaves, but to growth of new 
leaves from basal meristems that were protected from dehydration by leaf sheaths.  This 
was not the case with P. sinuosa sprigs in this study, as growth of new leaves was not 
observed until May 2005, when new leaf growth of up to one centimetre was observed.  
The growth of new leaf material supports findings that some seagrasses are able not 
only to survive, but actively recover and produce new leaf material, even after the large 
shock suffered during transport and the transplant process. 
 
The sprigs suffered from an additional stress by transplanting them from the deeper 
Parmelia Bank to the shallower Southern Flats site, as indicated by the decrease in 
ΔF/Fm′ and Fv/Fm.  Figueroa et al. (2002) reported a decrease in ΔF/Fm′ in Posidonia 
oceanica transferred from 15 to 2.5 m, indicating a partial loss of photoprotective 
mechanisms.  Cymodocea nodosa exhibited a decrease in photosynthetic efficiency with 
decreasing depth (Olesen et al. 2002), and Halophila johnsonii and Halophila decipiens 
showed a decrease in Fv/Fm when transplanted into shallow intertidal meadows (Durako 
et al. 2003). Correspondingly, Fv/Fm increased for intertidal H. johnsonii when 
transplanted into subtidal meadows (Durako et al. 2003). Such depth-related increases 
in photoinhibition, as measured by changes in Fv/Fm , have also been observed for 
macroalgae and seagrasses (Franklin et al. 1996; Ralph et al. 1998; Yakoleva and 
Titlyanov 2001).  Irradiance-induced decreases in Fv/Fm are thought to reflect 
dissipation of excess energy within the light-harvesting antennae (i.e. photoprotection) 
and/or photodamage to PSII (Krause 1991; Ralph and Burchett 1995; Franklin et al. 
1996).   
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There was a significant decrease in survival of  the  sprigs  after  transplantation:      
34.3%, 37.0% and 67.5% survival to May 2005 for November, December and February 
sprigs respectively.  Loss of sprigs was through the transplants being dislodged and 
washed away in the current.  This may have been due to the various different tying 
methods employed by the volunteer transplanters.  Some of the transplanters tied the 
rhizome on with a single piece of twine, while others tied two to three pieces around the 
length of the rhizome.  It is likely that sprigs tied more securely with several pieces of 
twine were more successful in surviving the currents at Southern Flats.  Additional loss 
of sprigs was also caused by heavy epiphytic fouling that occurred after transplantation.  
The weight of the epiphytes pulled many of the leaves from their sheaths, contributing 
another significant stress factor that would have increased the mortality of the 
transplants.   
 
Sprig survival could be increased if tying methods were more consistent and 
transplanters employed several pieces of twine to tie rhizomes.  Desiccation of sprigs 
was believed to be a major factor in the length of time taken for the sprigs to recover to 
the same level as was recorded at the control meadow at Southern Flats.  In order to 
reduce transplantation stresses to a bare minimum, any seagrass transplant material 
should under no circumstance be exposed to the air for any length of time, but should 
remain immersed in seawater at all times.  This would mean that any tying procedures 
should be carried out while the sprigs remain submerged in the seawater-filled 
containers.  Desiccation and temperature shock would thus be minimized, resulting in a 
much increased survival rate of the transplants.   
 
A variety of fauna was observed at the transplant site after transplantation.  Of particular 
interest was the presence of juvenile sea urchins (Heliocidaris erythrogramma), which 
have previously been held responsible for the loss of seagrasses in parts of Cockburn  
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Sound (Paling and van Keulen 2004).  It is unclear whether these sea urchins were 
resident at this site before transplantation or if the transplants from Parmelia Bank 
carried the sea urchins to this site.  Monitoring of any impacts of sea urchins at this 
transplant site should be considered.  It was also noticed that most of the transplanted 
sprigs were hosts to one or more resident Wavy grubfish (Parapercis haackei), which 
indicates that fish and other fauna, including West Australian seahorses (Hippocampus 
angustus), were utilising the sprigs as habitat.  A study on the re-colonisation of fauna at 
seagrass transplant sites is recommended. 
 
6.4.2 Plug  transplantation 
Significant changes in photosynthetic rates of plugs were observed during the transplant 
process.  There were also significant differences in ΔF/Fm′ and Fv/Fm between 
transplanted plugs and sprigs and the control meadow at Woodman Point (Figure 27).  
ETRmax of plugs increased (up to 57%) after the plug sleeves were inserted and 
generally showed a small increase when the plugs were removed before transplantation 
(up to 16%).  After the plugs and sprigs were transplanted, their ETRmax had increased 
by 102%, 35% and 62% for 5 and 15 cm plugs, and sprigs respectively, compared to 
before removal.  Only the 10 cm plugs did not change immediately after transplantation.  
The increasing ETRmax during transplantation was most likely due to a reduction in 
self-shading, which resulted from moving surrounding seagrasses out of the way, 
planting the plugs in bare areas and the normal diurnal increase of ambient light during 
the morning (Table 8).  These factors resulted in increased light reaching the plugs, 
thereby increasing photosynthetic rates (Ralph et al. 1998; Major and Dunton 2002; 
Silva and Santos 2003).  This process can take place in a matter of minutes (Ralph and 
Burchett 1995; Beer et al. 1998; Enríquez et al. 2002).   
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ETRmax of transplants on the day of transplantation were significantly higher than the 
control meadow (Figure 26), although this was most likely due to different sampling 
times that could not be avoided for logistical reasons. The seagrasses at the control 
meadow were measured before the transplants were collected and therefore significant 
time had elapsed before the transplants were planted and measured.  It is expected that 
the ETRmax of the control meadow would have increased, coincident with the diurnal 
pattern of irradiance throughout the day (Chapter 4, Ralph et al. 1998; Silva and Santos 
2003), and would therefore have been closer to that of the transplants after planting.  
The transplants recovered relatively quickly and after two weeks the ETRmax of all 
transplants were the same as was recorded at the control meadow, and from then on 
followed the same photosynthetic pattern as the control meadow.   
 
The  ΔF/Fm′ of the plugs did not change when the plug sleeves were inserted, but 
decreased significantly (20-30%) when the plugs were removed, indicating that the 
stresses of removal were substantial.  After the plugs and sprigs had been transplanted, 
ΔF/Fm′  had decreased by 20-42% compared to before removal, which was significantly 
lower than the ΔF/Fm′ at the control meadow.  The Fv/Fm of the transplants was 
consistently lower than the control meadow, taking up to five weeks to increase to the 
same level as was recorded at the control meadow.  Decreases in ΔF/Fm′ with increasing 
light have been documented (Figueroa et al. 2002; Major and Dunton 2002; Durako et 
al. 2003), indicating a partial loss of photoprotective mechanisms (Figueroa et al. 2002).  
Irradiance-induced decreases in Fv/Fm are thought to reflect dissipation of excess energy 
within the light-harvesting antennae (i.e. photoprotection) and/or photodamage to PSII 
(Krause 1991; Ralph and Burchett 1995; Franklin et al. 1996).   
 
The recovery of ΔF/Fm′ was related to the diameter of the plugs, whereby shorter 
recovery times were recorded for larger plug sizes.  The largest 15 cm plugs took two  
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weeks to recover, as did the 10 cm plugs, whereas the 5 cm plugs took five weeks to 
recover before a storm in early April dislodged and washed away all the 5 cm plug 
transplants.  The sprigs also took five weeks for ΔF/Fm′ to recover, and five weeks for 
Fv/Fm , and were similar in size to the 5 cm plugs.  The extended recovery times for 
ΔF/Fm′ and Fv/Fm of the sprigs indicates that the PSII damage to the sprigs during 
transplantation takes several weeks to recover (Seddon and Cheshire 2001), and that the 
damage to the sprigs was greater than was inflicted on the plug transplants. By the same 
token, it also indicates that recovery is possible, even after significant PSII damage has 
occurred.   
 
There was a significant decrease in survival of plugs and sprigs after transplantation to 
July 2005: 10% survival for the 10 cm plugs and sprigs, and 20% for the 15 cm plugs.  
Loss of the transplants occurred during a severe storm in early April and subsequent 
losses were due to increased seas and swells of normal winter weather.  The storm 
caused severe turbulence in the shallow waters of the transplant site, which resulted in 
the transplants being dislodged and washed away.  Campbell and Paling (2003) reported 
that survival of P. australis plugs at Success Bank, Western Australia, could be 
increased by up to 50% if artificial seagrass mats were used to stabilise sediment.  In a 
study on the effects of depth on transplantation, Paling et al. (2000) in the same area 
reported that increasing depth did not appear to provide protection from the effects of 
wave climate on sediment movement.  Molenaar and Meinesz  (1992) reported that a 
depth of less than 10 m was sufficiently shallow for storms to rip away rhizome material 
in P. oceanica meadows.  The natural meadow surrounding the transplants in this study 
did not appear to afford protection to the plugs and sprigs transplanted at this site.  This 
was also reported for 15 cm plugs transplanted on Success Bank (Paling et al. 2000), 
which is relatively close to the site in this study (5 km north of Parmelia Bank).  
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The 15 cm plugs showed the best survival and photosynthetic recovery, and it is 
therefore recommended that future studies use transplant units that are as large as 
possible.  In high energy environments off the coast of Western Australia (Lord et al. 
1999; Paling et al. 2001a) small transplant units cannot be adequately anchored to 
survive for any extended period of time (van Keulen et al. 2003).  However, plugs with 
a large diameter may have greater success in less energetic environments such as 
Cockburn Sound (Tunbridge 2000). 
 
6.4.3  General summary and discussion 
Sprigs were transplanted from Parmelia Bank to Southern Flats, Western Australia, 
during November and December 2004, and February 2005.  The sprigs took one to three 
months for their photosynthetic rates (ETRmax, ΔF/Fm′ and Fv/Fm) to recover to the same 
level as was recorded at the natural control meadow at Southern F l a t s .   T h i s  w a s  
primarily due to desiccation suffered during transport between sites.  Survival of sprigs 
to May 2005 decreased to 34.3% for the November sprigs, 37.0% for the December 
sprigs and 67.5% for the February sprigs, due to currents washing away the sprigs and 
heavy epiphytic fouling. 
 
Plugs (5 cm, 10 cm and 15 cm diameter) and sprigs were transplanted to Woodman 
Point, Western Australia, during February 2005.  Photosynthetic rates of plugs and 
sprigs took up to five weeks to recover to the same level as was recorded at the natural 
control meadow at Woodman Point.  Survival of plugs and sprigs to July 2005 was 
reduced to 10% for the 10 cm plugs and sprigs, and 20% for the 15 cm plugs, due to 
winter swells and storms.  None of the 5 cm plugs survived a storm in early April 2005.   
 
The main difference between sprigs transplanted at Southern Flats and plugs 
transplanted at Woodman Point was the time taken to achieve photosynthetic recovery.   
 
102
Recovery of the sprigs was severely prolonged because the sprigs were exposed to air 
and periods of desiccation during transport to the recipient site.  The plugs at Woodman 
Point did not suffer from desiccation because transplants were transported underwater to 
the donor site.  Therefore, desiccation was a significant factor in the transplantation of 
seagrasses and all attempts should be made to reduce or eliminate the amount of time 
that transplants spend out of the water exposed to air.  Tying procedures should be 
carried out while transplants remain submerged in order to reduce desiccation and 
temperature shock, thereby increasing survival of the transplants.   
 
Survival of both sprigs and plugs was significantly reduced due to water movement at 
both sites.  Survival rates of transplants could be increased if sufficient and suitable 
anchoring methods were employed, such as more efficient tying of sprigs, and increased 
transplant size for plug transplants.  The impact of sea urchins observed at the Southern 
Flats site should be monitored, as they may have an influence on the survival of 
transplants. 
 
Both the sprig and plug transplantation projects occurred during spring to late summer.  
Spring and summer were shown to be the times of highest photosynthetic activity for   
P. sinuosa and other species (Chapter 3, Iizumi 1996; Lin and Shao 1998; Plus et al. 
2005).  It could be argued that the optimal time to conduct seagrass transplantation 
should be when the productivity of the seagrasses is lowest, i.e. during winter when 
seagrasses are least photosynthetically active.  This may reduce the stress on the 
seagrasses, as they would primarily be relying on stored carbohydrates in their rhizomes 
during this time, rather than on photosynthetically derived carbon (Dawes and Lawrence 
1979,  1980;  Durako  and  Moffler  1985;  Touchette  and  Burkholder  2000).                   
By transplanting when the seagrasses are least photosynthetically active, any negative 
effects on photosynthesis may be less likely to impede transplant survival.  However,  
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the physiological factors affecting seagrass survival need to be balanced with the 
logistical concerns of transplanting, which may preclude winter transplanting in some 
regions. 
 
Seagrass sprig transplantation is proceeding well, with 1.4 ha of seagrass transplanted to 
date.  More sprigs are expected to be planted in the near future and lessons learned from 
this study will be employed to increase transplant successes. 
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7.   Summary and Conclusion 
  
Chlorophyll fluorescence measurements have been used in the assessment of 
photosynthetic efficiency (Krause and Weis 1991) and are useful in the analysis of 
photosynthetic activity of plants under normal and stressed conditions (Schreiber and 
Bilger 1987; Ralph 1998b; Ralph and Burchett 1998b).  Using chlorophyll fluorescence 
to assess the changes in photosynthetic activity of seagrasses during transplantation was 
recommended by Tunbridge (2000) who suggested the quantification of transplant stress 
during each phase of the transplant process (extraction, transport, deployment and post 
planting).  The present study is central to transplantation and rehabilitation studies in 
that it aimed to determine the extent and possible causes of stress to seagrasses during 
transplantation so that rehabilitation efforts might be improved by reducing stress 
during the transplant process.  The study first looked into the natural seasonal and 
diurnal variation of three seagrass species (Posidonia sinuosa, Posidonia australis and 
Halophila ovalis) growing in Cockburn Sound after determining appropriate 
photosynthetic absorptance factors.  Two adjacent, physically separated sites were also 
examined in order to determine if apparent visual differences between the sites were 
reflected by measured physical and photosynthetic characteristics.  Finally, the 
photosynthetic rates of transplanted sprigs and plugs before, during and after 
transplantation were examine to determine if transplants showed signs of photosynthetic 
recovery.   
 
A pilot study to establish absorptance factors (taking into account transmittance, 
reflectance and non-photosynthetic absorptance of light by the leaves) determined 
absorptance factors of 0.64 ± 0.04 for P. sinuosa, 0.59 ± 0.02 for P. australis and     
0.55 ± 0.02 for H. ovalis.  Using accurate absorptance factors is vital, especially when 
fluorescence measurements are to be used as estimates of productivity.  Over-estimating  
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absorptance can lead to ETR being up to 46% too high and confirms that caution must 
be taken when using fluorescence to derive an estimation of productivity.  It was also 
important to quantify the effects of potential errors during measurement of RLCs, as it 
was the author’s experience that movement of seagrass leaves increased measurement 
variability when using the Diving-PAM.  Any movement of seagrass leaves resulted in 
incorrect measurements of electron transport rates (ETR), reinforcing the importance of 
ensuring that leaves remained stationary in the Diving-USH.   
 
The quantification and comparison of natural seasonal  and  diurnal  fluctuation  of          
P. sinuosa, P. australis and H. ovalis was determined before the effects of other stresses 
were examined.  Seasonal and diurnal photosynthetic rates differed significantly among 
species.  The highest ETRmax for each species occurred in summer and decreased during 
autumn.  H. ovalis had the highest ETRmax followed by P. australis and P. sinuosa.  
Photosynthetic rates for each species showed a diurnal pattern coincident with 
irradiance throughout the day.  The large variability reported in this and other studies 
(Ralph et al. 1998; Silva and Santos 2003; Runcie and Durako 2004) indicates that it 
may be difficult to determine when changes in photosynthesis are the product of a 
stressor or simply normal diurnal and seasonal fluctuations.  These results also indicate 
that the effects of external stress on ETR have to be greater than the natural variation of 
the seagrasses in order to be attributed to stress.  It is unlikely that changes in ETR can 
be exclusively attributed to a particular external stress. 
 
Using chlorophyll fluorescence to measure ETR and obtain estimates of productivity of 
a seagrass meadow would be ideal for management authorities as it is a rapid and 
non-destructive technique (Beer et al. 1998; Ralph et al. 1998).  However, seasonal and 
diurnal fluctuations in the seagrass’ photosynthetic activity need to be considered.  This 
was supported by the fact that ETRmax (which in theory is directly related to gross  
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photosynthesis) varied throughout the day within a range that was 3 to 4 times greater 
than its lowest value.  Basing a productivity estimate solely on ETRmax values would 
significantly over-estimate results.  Therefore, when attempting to use ETR as an 
estimation of productivity, seasonal and daily integrals must be used to take into 
account the dynamics of real-time adjustments in photosynthesis.   
 
Apparent differences between two seagrass meadows separated by a causeway were 
examined in terms of seagrass photosynthetic activity and meadow characteristics.   
Studies were carried out to determine if apparent visual differences between the sites 
were reflected by measured physical and photosynthetic characteristics.  The results 
indicated a poor connection between physical and photosynthetic characteristics at these 
two meadows.    The natural variation in photosynthetic ETR differed by 32 and 18% of 
the mean at the west and east sites respectively.  Meadow characteristics varied between 
13 and 119%.  Large fluctuations in meadow characteristics within sites make it 
difficult to determine whether one site is “healthier” than another.  This indicates that 
the effects of stresses on changes in ETR and meadow characteristics have to be greater 
than the natural variation of the meadows and it would be difficult to attribute these 
changes exclusively to a particular stress.  Therefore caution should be used when 
attempting to visually assess the photosynthetic activity of a site based on physical 
characteristics.  It was recommended that future studies using chlorophyll fluorometry 
could be expanded to determine how changes in water flow relate to photosynthetic 
activity. 
 
This study also aimed to examine the photosynthetic rates of transplanted sprigs and 
plugs before, during and after transplantation and to determine if they showed signs of 
photosynthetic recovery. The transplanted seagrasses were compared to a control 
meadow at the transplant site to determine if the transplants recovered to the same rate  
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as natural seagrasses and how long the recovery process took.  Sprigs were transplanted 
at Southern Flats during the summer of 2004/2005.  The sprigs took one to three months 
for their photosynthetic rates to recover to the same level as was recorded at the control 
meadow at the recipient site. Plugs (5, 10 and 15 cm diameter) and sprigs were 
transplanted at Woodman Point during February 2005.  The plugs and sprigs took up to 
five weeks for their photosynthetic rates to recover to the same level as was recorded at 
the control meadow.  The main difference between the sprigs transplanted at Southern 
Flats and the plugs and sprigs transplanted at Woodman Point was the time taken to 
achieve photosynthetic recovery.  The recovery of the sprigs at Southern Flats was 
severely prolonged because they were exposed to air and periods of desiccation during 
transport to the recipient site.  The plugs and sprigs at Woodman Point did not suffer 
from desiccation as the transplants were transported underwater to the donor site.  This 
study has shown that desiccation was a significant factor in deciding the degree of 
transplantation success. All attempts should be made to reduce or eliminate the amount 
of time that transplants spend out of the water and exposed to air.   
 
Survival of both sprigs and plugs was significantly reduced (34-67% for the sprigs and 
down to 10% for the plugs) due to water movement at both sites.  Survival rates of 
transplants could be increased if sufficient and suitable anchoring methods were 
employed, such as more efficient tying of sprigs and increased transplant size for plug 
transplants.  It is recommended that future studies use transplant units that are as large 
as possible.  In high energy environments off the west coast of Australia (Lord et al. 
1999; Paling et al. 2001a) small transplant units cannot be adequately anchored to 
survive for any extended period of time (van Keulen et al. 2003).  However, large 
diameter plugs may have greater success in less energetic environments such as 
Cockburn Sound (Tunbridge 2000).  The growth of new leaf material on the sprigs at 
Southern Flats supported the findings that the seagrasses are able not only to survive,  
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but also to actively recover and produce new leaf material, even after the shock 
experienced during transport and extended time to achieve photosynthetic recovery. 
 
These findings indicate that after recovery, the seagrass transplants showed comparable 
photosynthetic activity to the control meadow.  However, despite a recovery in 
photosynthetic activity, the loss of transplants due to high water movement was not 
avoided.  The effects of high current and heavy epiphytic loading did not manifest 
themselves as reductions in photosynthetic activity.  In this case, using photosynthetic 
activity as an indicator of possible transplant loss was not appropriate.  Similarly, Biber 
et al. (2005) indicated that there was evidence for photoacclimation and that the 
fluctuation in photosynthetic yield was minimised because plants were acclimating, 
even up to the point of mortality.  Therefore, using yield as the only indicator of 
potential seagrass loss is unlikely to be a suitable tool to measure sub-lethal chronic 
stress response in seagrass (Biber et al. 2005).      
 
A variety of fauna was observed at Southern Flats transplant site after transplantation.  
Of particular interest was the presence of juvenile sea urchins (Heliocidaris 
erythrogramma), which have previously been held responsible for the loss of seagrasses 
in Cockburn Sound (Paling and van Keulen 2004).  The impact of sea urchins observed 
at Southern Flats site should be monitored as they may also have an influence on the 
survival of the transplants.  It was also noticed that fish and other fauna including West 
Australian seahorses (Hippocampus angustus) were utilising the sprigs  as  habitat.         
A study on the re-colonisation of fauna at seagrass transplant sites is recommended. 
 
Seagrass transplantation is proceeding well in Cockburn Sound.  About 1.4 ha of sprigs 
have already been established and more sprigs are to be planted in the near future.     
The lessons learned from this study will be employed to increase transplant successes.  
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7.1 Post  script 
After this thesis study was conducted and written, further seagrass transplantation was 
carried out from November 2005 to April 2006, continuing the Seagrass Research and 
Rehabilitation Plan, Project 3.  Several of the recommendations of the present thesis 
study were taken into account during the continued transplantation.  Biodegradable 
cable-ties were used to fasten the rhizomes of the sprigs to the wire staples, to reduce 
the number of sprigs being washed away by the current (E. Paling, personal 
communication).  The cable-ties also made it easier for the volunteers to attach the 
sprigs to the wire staples, which resulted in a more homogenised tying effort.  In 
particular, efforts to keep the sprigs submerged have been increased, although tying still 
necessitated emersion of sprigs (J. Verduin, personal communication).  In total, 2 ha of 
seagrass sprigs have now been transplanted at Southern Flats.  
 
110
8.   References 
 
Abal, E.G., Loneragan, N.R., Bowen, P., Perry, C.J., Udy, J.W., and Dennison, W.C. 
(1994) Physiological and morphological responses of the seagrass Zostera 
capricorni Aschers. to light intensity. Journal of Experimental Marine Biology 
and Ecology 178: 113-129. 
Adams, E.G., and Bate, G.C. (1994) The tolerance to desiccation of the submerged 
macrophytes Ruppia cirrhosa (Petagna) Grande and Zostera capensis Setchell. 
Journal of Experimental Marine Biology and Ecology 183: 53-62. 
Addy, C.E. (1947a) Eel grass planting guide. Maryland Conservation 24: 16-17. 
Addy, C.E. (1947b) Germination of eelgrass seed. Journal of Wildlife Management 11: 
279. 
Agawin, N., Duarte, C.M., Fortes, M., Uri, J.S., and Vermaat, J.E. (2001) Temporal 
changes in the abundance, leaf growth and photosynthesis of three co-occurring 
Philippine seagrasses. Journal of Experimental Marine Biology and Ecology 
260: 217-239. 
Balestri, E., Benedetti-Cecchi, L., and Lardicci, C. (2004) Variability in patterns of 
growth and morphology of Posidonia oceanica exposed to urban and industrial 
wastes: contrasts with two reference locations. Journal of Experimental Marine 
Biology and Ecology 308: 1-21. 
Balestri, E., Cinelli, F., and Lardicci, C. (2003) Spatial variation in Posidonia oceanica 
structural, morphological and dynamic features in a northwestern Mediterranean 
coastal area: a multi-scale analysis. Marine Ecology Progress Series 250: 51-60. 
Barranguet, C., and Kromkamp, J. (2000) Estimating primary production rates from 
photosynthetic electron transport in estuarine microphytobenthos. Marine 
Ecology Progress Series 204: 39-52. 
Beer, S., and Axelsson, L. (2004) Limitations in the use of PAM fluorometry for 
measuring photosynthetic rates of macroalgae at high irradiances. European 
Journal of Phycology 39: 1-7. 
Beer, S., and Björk, M. (2000) Measuring rates of photosynthesis of two tropical 
seagrasses by pulse amplitude modulated (PAM) fluorometry. Aquatic Botany 
66: 69-76. 
Beer, S., Vilenkin, B., Weil, A., Veste, M., Susel, L., and Eshel, A. (1998) Measuring 
photosynthetic rates in seagrasses by pulse amplitude modulated (PAM) 
fluorometry. Marine Ecology Progress Series 174: 293-300. 
Benedetti-Cecchi, L. (2001) Beyond BACI: optimization of environmental sampling 
designs through monitoring and simulation. Ecological Applications 11: 783-
799. 
 
  
 
111
Benedetti-Cecchi, L., Pannacciulli, F., Bulleri, F., Morchella, P.S., Airoldi, L., Relini, 
G., and Cinelli, F. (2001) Predicting the consequences of anthropogenic 
disturbance: large-scale effects of loss of canopy algae on rocky shores. Marine 
Ecology Progress Series 214: 137-150. 
Biber, P., Paerl, H., Gallegos, C.L., and Kenworthy, W.J. (2005) Evaluating indicators 
of seagrass stress to light. In Estuarine Indicators. Bortone, S. (ed). Boca Raton, 
Florida: CRC Press, pp. 193-210. 
Bittaker, H.F., and Iverson, R.L. (1976) Thalassia testudinum productivity: a field 
comparison of measurement methods. Marine Biology 37: 39-46. 
Björk, M., Uku, J., Weil, A., and Beer, S. (1999) Photosynthetic tolerances to 
desiccation of tropical intertidal seagrasses. Marine Ecology Progress Series 
191: 121-126. 
Björkman, O., and Demmig, B. (1987) Photon yield of O2 evolution and chlorophyll 
fluorescence characteristics at 77K among vascular plants of diverse origins. 
Planta 170: 489-504. 
Borowitzka, M.A., and Lethbridge, R. (1989) Seagrass epiphytes. In  Biology of 
Seagrasses: A treatise on the biology of seagrasses with special reference to the 
Australian region. Larkum, A.W.D., McComb, A.J., and Shepherd, S.A. (eds). 
Netherlands: Elsevier Science Publishers, pp. 458-499. 
Bradbury, M., and Baker, N.R. (1981) Analysis of the slow phases of the in vivo 
chlorophyll fluorescence induction curve. Changes in the redox state of 
photosystem II electron acceptors and fluorescence emission from photosystems 
I and II. Biochimica et Biophysica Acta 635: 542-551. 
Bradbury, M., and Baker, N.R. (1984) A quantitative determination of photochemical 
and non-photochemical quenching during the slow phase of the chlorophyll 
fluorescence induction curve of bean leaves. Biochimica et Biophysica Acta 765: 
275-281. 
Cambridge, M.L. (1979) Cockburn Sound Environmental Study: Technical Report on 
Seagrasses - Report No. 7. Perth: Department of Conservation and the 
Environment. 
Cambridge, M.L. (1980) Ecological studies on seagrasses of south Western Australia 
with particular reference to Cockburn Sound. Ph.D. Thesis. Perth: University of 
Western Australia, p. xiii+326. 
Cambridge, M.L., Chiffings, A.W., Brittan, C., Moore, L., and McComb, A.J. (1986) 
The loss of seagrasses in Cockburn Sound, Western Australia. II. Possible 
causes of seagrass decline. Aquatic Botany 24: 269-285. 
Cambridge, M.L., and Hocking, P.J. (1997) Annual primary production and nutrient 
dynamics of the seagrass Posidonia sinuosa and Posidonia australis in south-
western Australia. Aquatic Botany 59: 277-295. 
Cambridge, M.L., and McComb, A.J. (1984) The loss of seagrasses in Cockburn Sound, 
Western Australia. I. The time course and magnitude of seagrass decline in 
relation to industrial development. Aquatic Botany 20: 229-243.  
 
112
Campbell, M.L., and Paling, E.I. (2003) Evaluating vegetative transplant success in 
Posidonia australis: a field trial with habitat enhancement. Marine Pollution 
Bulletin 46: 828-834. 
Campbell, S., Miller, C., Steven, A., and Stephens, A. (2003) Photosynthetic responses 
of two temperate seagrasses across a water quality gradient using chlorophyll 
fluorescence. Journal of Experimental Marine Biology and Ecology 291: 57-78. 
Campbell, S.J., and McKenzie, L.J. (2004) Flood related loss and recovery of intertidal 
seagrass meadows in southern Queensland, Australia. Estuarine, Coastal and 
Shelf Science 60: 477-490. 
Carr, H., and Björk, M. (2003) A methodological comparison of photosynthetic oxygen 
evolution and estimated electron transport rate in tropical Ulva (Chlorophyceae) 
species under different light and inorganic carbon conditions. Journal of 
Phycology 39: 1125-1131. 
Christiansen, C., Christoffersen, H., Dalsgaard, J., and Nornberg, P. (1981) Coastal and 
nearshore changes correlated with die-back in eelgrass (Zostera marina). 
Sedimentary Geology 28: 168-178. 
Churchill, A.C., Cok, A.E., and Riner, M.I. (1978) Stabilization of subtidal sediments by 
the transplantation of the seagrass Zostera marina L.: New York Sea Grant 
Report Series (NYSSGP RS7-78-15). 
Conover, J.T. (1968) The importance of natural diffusion gradients and transport of 
substances related to benthic plant metabolism. Botanica Marina 11: 1-9. 
Cummings, M.E., and Zimmerman, R.C. (2003) Light harvesting and package effect in 
the seagrasses Thalassia testudinum Banks ex König and Zostera marina L.: 
optical constraints on photoacclimation. Aquatic Botany 75: 261-274. 
Davis, R.C., and Short, F.T. (1997) Restoring eelgrass, Zostera marina L., habitat using 
a new transplanting technique: The horizontal rhizome method. Aquatic Botany 
59: 1-15. 
Dawes, C.J., Andorfer, J., Rose, C., Uranowski, C., and Ehringer, N. (1997) Regrowth 
of the seagrass Thalassia testudinum into propeller scars. Aquatic Botany 59: 
139-155. 
Dawes, C.J., and Lawrence, J.M. (1979) Effects of blade removal on the proximate 
composition of the rhizome of the segrass Thalassia testudinum Banks ex 
König. Aquatic Botany 7: 255-266. 
Dawes, C.J., and Lawrence, J.M. (1980) Seasonal changes in the proximate constituents 
of the seagrasses Thalassia testudinum, Halodule wrightii, and  Syringodium 
filiformei. Aquatic Botany 8: 371-380. 
Dawson, S.P., and Dennison, W.C. (1996) Effects of ultraviolet and photosynthetically 
active radiation on five seagrass species. Marine Biology 125: 629-638. 
Delosme, R. (1967) Étude de l'induction de fluorescence des algues vertes et des 
chloroplastes au début d'une illumination intense. Biochimica et Biophysica Acta 
143: 108-128.  
 
113
Demmig-Adams, B. (1998) Survey of thermal energy dissipation and pigment 
composition in sun and shade leaves. Plant Cell Physiology 39: 474-482. 
Demmig-Adams, B., Adams III, W.W., Winter, K., Meyer, A., Schreiber, U., Pereira, 
J.S., Kruger, A., Czygan, F.C., and Lange, O.L. (1989) Photochemical efficiency 
of photosystem II, photon yield of O2 evolution, photosynthetic capacity, and 
carotenoid composition during the midday depression of net CO2 uptake in 
Arbutu unedo growing in Portugal. Planta 177: 377-387. 
den Hartog, C. (1970) The sea-grasses of the world. Amsterdam: North-Holland 
Publishing Company. 
den Hartog, C. (1977) Structure, function and classification in seagrass communities. In 
Seagrass ecosystems: a scientific perspective. McRoy, C.P., and Helfferich, C. 
(eds). New York: Marcel Dekker Inc., pp. 90-121. 
Dennison, W.C., and Alberte, R.S. (1986) Photoadaptation and growth of Zostera 
marina L. (eelgrass) transplants along a depth gradient. Journal of Experimental 
Marine Biology and Ecology 98: 265-282. 
Dennison, W.C., and Kirkman, H. (1996) Seagrass survival model. In  Seagrass 
biology: proceedings of an international workshop, Rottnest Island, Western 
Australia, 25-29 January 1996. Kuo, J., Phillips, R.C., Walker, D.I., and 
Kirkman, H. (eds). Nedlands: University of Western Australia, pp. 341-344. 
Drew, E.A. (1978) Factors affecting photosynthesis and its seasonal variation in the 
seagrasses Cymodocea nodosa (Ucria) Aschers., and Posidonia oceanica (L.) 
Delile in the Mediterranean. Journal of Experimental Marine Biology and 
Ecology 31: 173-197. 
Drew, E.A. (1979) Physiological aspects of primary production in seagrasses. Aquatic 
Botany 7: 139-150. 
Duarte, C.M. (2002) The future of seagrass meadows. Environmental Conservation 29: 
192-206. 
Durako, M.J., and Kunzelman, J.I. (2002) Photosynthetic characteristics of Thalassia 
testudinum measured by pulse-amplitude modulated (PAM) fluorometry: 
methodological and scale-based considerations. Aquatic Botany 73: 173-185. 
Durako, M.J., Kunzelman, J.I., Kenworthy, W.J., and Hammerstrom, K.K. (2003) 
Depth-related variability in the photobiology of two populations of Halophila 
johnsonii and Halophila decipiens. Marine Biology 142: 1219-1228. 
Durako, M.J., and Moffler, M.D. (1985) Spatial influences on temporal variations in 
leaf growth and chemical composition of Thalassia testudinum Banks ex König 
in Tampa Bay, Florida. Gulf Research Reports 8: 43-49. 
Easton, A.K. (1970) The tides of the continent of Australia: Flinders University of South 
Australia, Horace Lamb Centre for Oceanographic Research, Res. Pap. No. 37. 
Enríquez, S., Marbà, N., Cebrían, J., and Duarte, C.M. (2004) Annual variation in leaf 
photosynthesis and leaf nutrient content of four Mediterranean seagrasses. 
Botanica Marina 47: 295-306.  
 
114
Enríquez, S., Merino, M., and Iglesias-Prieto, R. (2002) Variations in the photosynthetic 
performance along the leaves of the tropical seagrass Thalassia testudinum. 
Marine Biology 140: 891-900. 
Ensminger, I., Xylander, M., Hagen, C., and Braune, W. (2001) Strategies providing 
success in a variable habitat. III. Dynamic control of photosynthesis in 
Cladophora glomerata. Plant Cell Environment 24: 769-779. 
Fenchel, T. (1977) Aspects of the decomposition of seagrasses. In  Seagrass 
Ecosystems. McRoy, C.P., and Helfferich, C. (eds). New York: Marcel Dekker, 
pp. 123-145. 
Figueroa, F.L., Jiménez, C., Viñegla, B., Pérez-Rodriguez, E., Aguilera, J., Flores-
Moya, A., Altamirano, M., Lebert, M., and Häder, D.-P. (2002) Effects of solar 
UV radiation on photosynthesis of the marine angiosperm Posidonia oceanica 
from southern Spain. Marine Ecology Progress Series 230: 59-70. 
Fonseca, M.S., and Fisher, J.S. (1986) A comparison of canopy friction and sediment 
movement between four species of seagrass with reference to their ecology and 
restoration. Marine Ecology Progress Series 29: 15-22. 
Fonseca, M.S., Kenworthy, W.J., and Courtney, F.X. (1996) Development of planted 
seagrass beds in Tampa Bay, FL, USA: I. Plant Components. Marine Ecology 
Progress Series 132: 127-139. 
Fonseca, M.S., Kenworthy, W.J., and Thayer, G.W. (1998) Guidelines for mitigation 
and restoration of seagrass in the United States and adjacent waters: National 
Marine Fisheries Service, NOAA Coastal Ocean Program Decision Analysis 
series. 
Franklin, L.A., and Badger, M.R. (2001) A comparison of photosynthetic electron 
transport rates in macroalgae measured by pulse amplitude modulated 
chlorophyll fluorometry and mass spectrometry. Journal of Phycology 37: 756-
767. 
Franklin, L.A., Seaton, G.G.R., Lovelock, C.E., and Larkum, A.W.D. (1996) 
Photoinhibition of photosynthesis on a coral reef. Plant, Cell and Environment 
19: 825-836. 
Frankovich, T.A., and Zieman, J.C. (2005) A temporal investigation of grazer 
dynamics, nutrients, seagrass leaf productivity, and epiphyte standing stock. 
Estuaries 28: 41-52. 
Fukuda, T. (1987) Development of the techniques for marine macrophytes (Zostera 
marina) bed creation - VIII: Manual for Zostera bed creation by the sowing 
method. Bulletin of Fisheries Experimental Station Okayama Prefecture 2: 35-
37. 
Genty, B., Briantais, J., and Baker, N.R. (1989) The relationship between the quantum 
yield of photosynthetic electron transport and quenching of chlorophyll 
fluorescence. Biochimica et Biophysica Acta 990: 87-92.  
 
115
Gilbert, M., Domin, A., Becker, A., and Wilhelm, C. (2000a) Estimation of primary 
productivity by chlorophyll a in vivo fluorescence in freshwater phytoplankton. 
Photosynthetica 38: 111-126. 
Gilbert, M., Wilhelm, C., and Richter, M. (2000b) Bio-optical modelling of oxygen 
evolution using in vivo fluorescence: comparison of measured and calculated 
photosynthesis/irradiance (P-I) curves in four representative phytoplankton 
species. Plant Physiology 157: 307-314. 
Gordon, D.M. (1996) Status of Seagrass Restoration: Review of International 
Literature. Report to Cockburn Cement Limited. Perth: LeProvost Dames and 
Moore. 
Gordon, D.M., Grey, K.A., Chase, S.C., and Simpson, C.J. (1994) Changes to the 
structure and productivity of a Posidonia sinuosa meadow during and after 
imposed shading. Aquatic Botany 47: 265-275. 
Govindjee (1995) Sixty-three years since Kautsky: chlorophyll a fluorescence. 
Australian Journal of Plant Physiology 22: 131-160. 
Govindjee, and Govindjee, R. (1975) Introduction to photosynthesis. In Bioenergetics 
of photosynthesis. Govindjee (ed). New York: Academic Press, pp. 1-50. 
Gray, C.A., Chick, R.C., and McElligott, D.J. (1998) Diel changes in assemblages of 
fishes associated with shallow seagrass and bare sand. Estuarine, Coastal and 
Shelf Science 46: 849-859. 
Gray, C.A., McElligott, D.J., and Chick, R.C. (1996) Intra- and inter-estuary differences 
in assemblages of fishes associated with shallow seagrass and bare sand. Marine 
and Freshwater Research 47: 723-735. 
Häder, D.-P., and Schäfer, J. (1994) In-situ measurement of photosynthetic oxygen 
production in the water column. Environmental Monitoring and Assessment 32: 
259-268. 
Hale, J.A., Frazer, T.K., Tomasko, D.A., and Hall, M.O. (2004) Changes in the 
distribution of seagrass species along Florida's Central Gulf Coast: Iverson and 
Bittaker revisited. Estuaries 27: 36-43. 
Hall, D.O., and Rao, K.K. (1999) Photosynthesis. Cambridge: Cambridge University 
Press. 
Hancock, C.N. (1992) Seagrass transplantation trials and factors affecting their success. 
Honours Thesis. Perth: Murdoch University, p. vi+123. 
Hanelt, D., Hupperts, K., and Nultsch, W. (1993) Daily course of photosynthesis and 
photoinhibition in marine macroalgae investigated in the laboratory and field. 
Marine Ecology Progress Series 97: 31-37. 
Harrison, P.G. (1990) Variation in success of eelgrass transplants over a five-years 
period. Environmental Conservation 17: 157-163. 
Harrison, P.G., and Platt, T. (1986) Photosynthesis-irradiance relationships in polar and 
temperate phytoplankton populations. Polar Biology 5: 153-164.  
 
116
Hauxwell, J., Cebrián, J., and Valiela, I. (2003) Eelgrass Zostera marina loss in 
temperate estuaries: relationship to land-derived nitrogen loads and effect of 
light limitation imposed by algae. Marine Ecology Progress Series 247: 59-73. 
Heck, K.L., Able, K.W., Roman, C.T., and Fahay, M.P. (1995) Composition, 
abundance, biomass and production of macrofauna in a New England estuary: 
comparisons among eelgrass meadows and other nursery habitats. Estuaries 18: 
379-389. 
Heinz Walz GmbH (1998) Underwater Fluorometer Diving-PAM: Submersible 
Photosynthesis Yield Analyzer. Handbook of Operation. Effeltrich, Germany: 
Heinz Walz GmbH. 
Henley, W.J. (1993) Measurement and interpretation of photosynthetic light response 
curves in algae in the context of photoinhibition and diurnal changes. Journal of 
Phycology 29: 729-739. 
Hewitt, J.E., Thrush, E., and Cummings, V.J. (2001) Assessing environmental impacts: 
effects of spatial and temporal variability at likely impact scales. Ecological 
Applications 11: 1502-1516. 
Hillman, W.S. (1976) Biological rhythms and physiological timing. Annual Review of 
Plant Physiology 27: 159-179. 
Homziak, J., Fonseca, M.S., and Kenworthy, W.J. (1982) Macrobenthic community 
structure in a transplanted eelgrass (Zostera marina) meadow. Marine Ecology 
Progress Series 9: 211-221. 
Horn, L.E. (2001) Pulse amplitude modulated (PAM) fluorometry and photosynthetic 
performance of seagrasses in Cockburn Sound, Western Australia. Honours 
Thesis. Perth: Murdoch University, p. 96. 
Iizumi, H. (1996) Temporal and spatial variability of leaf production of Zostera marina 
L. at Otsuchi, Northern Japan. In  Seagrass Biology. Proceedings of an 
International Workshop. Rottnest Island, Western Australia, 25-29 January 
1996. Kuo, J., Phillips, R.C., Walker, D.I., and Kirkman, H. (eds), pp. 143-148. 
Inman, D.L. (1952) Measures for describing the size distribution of sediments. Journal 
of Sedimentary Petrology 22: 125-145. 
Jacobs, R.P.W.M., den Hartog, C., Braster, B.F., and Carriere, F.C. (1981) Grazing of 
the seagrass Zostera noltii by birds at Terschelling (Dutch Wadden Sea). Aquatic 
Botany 10: 241-259. 
Jenkins, G.P., May, H.M.A., Wheatley, M.J., and Holloway, M.G. (1997) Comparison 
of fish assemblages associated with seagrass and adjacent unvegetated habitats 
of Port Phillip Bay and Corner Inlet, Victoria, Australia, with emphasis on 
commercial species. Estuarine, Coastal and Shelf Science 44: 569-588. 
Jones, R.J., and Hoegh-Guldberg, O. (2001) Diurnal changes in the photochemical 
efficiency of the symbiotic dinoflagellates (Dinophyceae) of corals: 
photoprotection, photoinactivation and the relationship to coral bleaching. Plant, 
Cell and Environment 24: 89-99.  
 
117
Jordan, W.R., Gilpin, M.E., and Aber, J.D. (1993) Restoration Ecology. A Synthetic 
Approach to Ecological Research. Cambridge: Cambridge University Press. 
Kelly, J.A., Fuss, C.M., and Hall, J.R. (1971) The transplanting and survival of turtle 
grass Thalassia testudinum in Boca Ciego Bay. Florida Fisheries Bulletin 69: 
273-280. 
Kikuchi, T., and Peres, J.M. (1977) Consumer ecology of seagrass beds. In Seagrass 
Ecosystems. McRoy, C.P., and Helfferich, C. (eds). New York: Marcel Dekker, 
pp. 147-193. 
King, R.J. (1981) Marine angiosperms: seagrasses. In Marine Botany: an Australasian 
Perspective. Clayton, M.N., and King, R.J. (eds). Melbourne: Longman 
Cheshire, pp. 200-210. 
Kirkman, H. (1998) Pilot experiments on planting seedling and small seagrass 
propagules in Western Australia. Marine Pollution Bulletin 37: 460-467. 
Kirkman, H., and Kuo, J. (1990) Pattern and process in southern Western Australian 
seagrasses. Aquatic Botany 37: 367-382. 
Kirkman, H., and Kuo, J. (1996) Seagrasses of the southern coast of Western Australia. 
In Seagrass biology: proceedings of an international workshop, Rottnest Island, 
Western Australia, 25-29 January 1996. Kuo, J., Phillips, R.C., Walker, D.I., 
and Kirkman, H. (eds). Nedlands: University of Western Australia, pp. 51-56. 
Kirkman, H., and Reid, D. (1979) A study of the role of the seagrass Posidonia 
australis in the carbon budget of an estuary. Aquatic Botany 7: 173-183. 
Kirkman, H., and Walker, D.I. (1989) Regional Studies - Western Australian 
Seagrasses. In Biology of seagrasses: a treatise on the biology of seagrasses 
with special reference to the Australian region. Larkum, A.W.D., McComb, 
A.J., and Shepherd, S.A. (eds). Amsterdam: Elsevier Science Publishers, pp. 
157-181. 
Knapp, A.K., and Carter, G.A. (1998) Variability in leaf optical properties among 26 
species from a broad range of habitats. American Journal of Botany 85: 940-946. 
Kowalski, J.L., DeYoe, H.R., Allison, T.C., and Kaldy, J.E. (2001) Productivity 
estimation in Halodule wrightii: comparison of leaf-clipping and leaf-marking 
techniques, and the importance of clip height. Marine Ecology Progress Series 
220: 131-136. 
Krause, G.H. (1991) Photoinhibition of photosynthesis. An evaluation of damaging and 
photoprotective mechanisms. Physiologica Plantarium 74: 566-574. 
Krause, G.H., and Weis, E. (1991) Chlorophyll fluorescence and photosynthesis: the 
basics. Annual Review of Plant Physiology and Plant Molecular Biology 42: 
313-349. 
Kuo, J., and McComb, A.J. (1989) Seagrass taxonomy, structure and development. In 
Biology of Seagrasses: A treatise on the biology of seagrasses with special 
reference to the Australian region. Larkum, A.W.D., McComb, A.J., and 
Shepherd, S.A. (eds). Amsterdam: Elsevier, pp. 6-73.  
 
118
Larkum, A.W.D. (1981) Marine primary productivity. In  Marine Botany: an 
Australasian Perspective. Clayton, M.W., and King, R.J. (eds). Melbourne: 
Longman Cheshire, pp. 369-385. 
Larkum, A.W.D., and West, R.J. (1982) Stability, depletion and restoration of seagrass 
beds. Australian Seagrass Workshop 1982: Proceedings of the Linnean Society 
of NSW 106: 201-212. 
Les, D.H., Moody, M.L., Jacobs, S.W., and Bayer, R.J. (2002) Systematics of 
seagrasses (Zosteraceae) in Australia and New Zealand. Systematic Botany 27: 
468-484. 
Lewis, R.R., and Phillips, R.C. (1980) Occurrence of seeds and seedlings of Thalassia 
testudinum Banks ex König in the Florida Keys (USA). Aquatic Botany 9: 377-
380. 
Lichtenthaler, H.K. (1988) Remote sensing of chlorophyll fluorescence in oceanography 
and in terrestrial vegetation: an introduction. In  Application of Chlorophyll 
Fluorescence. Lichtenthaler, H.K. (ed). Dordrecht: Kluwer, pp. 287-297. 
Lichtenthaler, H.K. (1990) Applications of chlorophyll fluorescence in stress 
physiology and remote sensing. In  Applications of Remote Sensing in 
Agriculture. Steven, M.D., and Clark, J.A. (eds). Stoneham: Butterworth-
Heinemann, pp. 287-305. 
Lin, H.J., and Shao, K.T. (1998) Temporal changes in the abundance and growth of 
intertidal  Thalassia hemprichii seagrass beds in southern Taiwan. Botanical 
Bulletin of Academia Sinica 39: 191-198. 
Longstaff, B.J., Kildea, T., Runcie, J.W., Cheshire, A.C., Dennison, W.C., Hurd, C., 
Kana, T., Raven, J.A., and Larkum, A.W.D. (2002) An in situ study of 
photosynthetic oxygen exchange and electron transport rate in the marine 
macroalga Ulva lactuca (Chlorophyta). Photosynthesis Research 74: 281-293. 
Lord, D.A., Paling, E.I., and Gordon, D.M. (1999) Review of Australian rehabilitation 
and restoration programs. In  Seagrass in Australia; Strategic Review and 
Development and an R and D Plan. Butler, I.A., and Jernakoff, P. (eds). 
Collingwood: CSIRO Publishing Australia, pp. 65-115. 
Macinnis-Ng, C.M.O., and Ralph, P.J. (2002) Towards a more ecologically relevant 
assessment of the impact of heavy metals on the photosynthesis of the seagrass, 
Zostera capricorni. Marine Pollution Bulletin 45: 100-106. 
Macinnis-Ng, C.M.O., and Ralph, P.J. (2003) In situ impact of petrochemicals on the 
photosynthesis of the seagrass Zostera capricorni. Marine Pollution Bulletin 46: 
1395-1407. 
Macinnis-Ng, C.M.O., and Ralph, P.J. (2004a) In situ impact of multiple pulses of metal 
and herbicide on the seagrass, Zostera capricorni. Aquatic Toxicology 67: 227-
237. 
Macinnis-Ng, C.M.O., and Ralph, P.J. (2004b) Variations in sensitivity to copper and 
zinc among three isolated populations of the seagrass, Zostera capricorni. 
Journal of Experimental Marine Biology and Ecology 302: 63-83.  
 
119
Madsen, T.V., and Søndergaard, M. (1983) The effects of current velocity on the 
photosynthesis of Callitrichie stagnalis. Aquatic Botany 15: 187-193. 
Major, K.M., and Dunton, K.H. (2002) Variations in light-harvesting characteristics of 
the seagrass, Thalassia testudinum: evidence for photoacclimation. Journal of 
Experimental Marine Biology and Ecology 275: 173-189. 
Manzanera, M., Pérez, M., and Romero, J. (1998) Seagrass mortality due to 
oversedimentation: an experimental response. Journal of Coastal Conservation 
4: 67-70. 
McComb, A.J., Cambridge, M.L., Kirkman, H., and Kuo, J. (1981) The biology of 
Australian seagrasses. In  The biology of Australian plants. Pate, J.S., and 
McComb, A.J. (eds). Nedlands: University of Western Australia Press, pp. 258-
293. 
McGlathery, K.J. (2001) Macroalgal blooms contribute to the decline of seagrass in 
nutrient-enriched coastal waters. Journal of Phycology 37: 453-456. 
McRoy, C.P., and McMillan, C. (1977) Production ecology and physiology of 
seagrasses. In Seagrass ecosystems: a scientific perspective. McRoy, C.P., and 
Helfferich, C. (eds). New York: Marcel Dekker, pp. 53-87. 
Merkel, K.W., and Hoffman, R.S. (1990) The use of dredged materials in the restoration 
of eelgrass meadows. In Proceedings of a regional workshop: Beneficial uses of 
dredged material in the western United States. May 21-25, 1990. San Diego, 
CA. Landin et al, M.S. (ed): US Army, Corps of Engineers, Waterways 
Experimental Station, Vicksburg, Massachusetts. 
Molenaar, H., and Meinesz, A. (1992) Vegetative reproduction in Posidonia oceanica. 
II. Effects of depth changes on transplanted orthotropic shoots. Marine Ecology 
13: 175-185. 
Moore, K.A., Wetzel, R.G., and Orth, R.J. (1997) Seasonal pulses of turbidity and their 
relations to eelgrass (Zostera marina L.) survival in an estuary. Journal of 
Experimental Marine Biology and Ecology 215: 115-134. 
Neckles, H.A., Koepfler, E.T., Haas, W., Wetzel, R.G., and Orth, R.J. (1994) Dynamics 
of epiphytic photoautotrophs and heterotrophs in Zostera marina (eelgrass) 
microcosms: responses to nutrient enrichment and grazing. Estuaries 17: 597-
605. 
Nixon, S.W., and Oviatt, C.A. (1972) Preliminary measurements of midsummer 
metabolism in beds of eelgrass, Zostera marina. Ecology 53. 
Oceanica (2004) Perth Coastal Water Penetration, Jbg0579, May 2004. 
Ogden, J.C. (1980) Faunal relationships in Caribbean seagrass beds. In Handbook of 
Seagrass Biology: An Ecosystem Perspective. Phillips, R.C., and McRoy, C.P. 
(eds). New York: Garland STPM Press, pp. 173-198. 
 
  
 
120
Olesen, B., Enríquez, S., Duarte, C.M., and Sand-Jensen, K. (2002) Depth-acclimation 
of photosynthesis, morphology and demography of Posidonia oceanica and 
Cymodocea nodosa in the Spanish Mediterranean Sea. Marine Ecology Progress 
Series 236: 89-97. 
Onuf, C.P. (1994) Seagrasses, dredging and light in Laguna Madre, Texas, USA. 
Estuarine, Coastal and Shelf Science 39: 75-91. 
Ort, D. (2001) When there is too much light. Plant Physiology 125: 29-32. 
Orth, R.J., Batiuk, R.A., Bergstrom, P.W., and Moore, K.A. (2002) A perspective on 
two decades of policies and regulation influencing the protection and restoration 
of submerged aquatic vegetation in Chesapeake Bay, USA. Bulletin of Marine 
Science 71: 1391-1403. 
Orth, R.J., and Moore, K.A. (1983) Chesapeake Bay: an unprecedented decline in 
submerged aquatic vegetation. Science 222: 51-53. 
Paling, E.I. (1995) Seagrass meadow regrowth, transplantation and recovery after 
disturbance in Western Australia: a review. Perth: Marine and Freshwater 
Research Laboratory, Murdoch University. 
Paling, E.I., and van Keulen, M. (2004) Seagrass Rehabilitation Studies for the 
Seagrass Research and Rehabilitation Plan, Project 3. Annual Report 2004. 
Perth: Marine and Freshwater Research Laboratory, June 2004. 
Paling, E.I., van Keulen, M., and Wheeler, K. (2002) Seagrass Rehabilitation on 
Success Bank, Western Australia (Project S2, 1995-2002): Final Report. Perth: 
Marine and Freshwater Research Laboratory, September 2002. 
Paling, E.I., van Keulen, M., Wheeler, K., Phillips, J., and Dyhrberg, R. (2001a) 
Mechanical seagrass transplantation on Success Bank, Western Australia. 
Ecological Engineering 16: 331-339. 
Paling, E.I., van Keulen, M., Wheeler, K., Phillips, J., and Dyhrberg, R. (2003) 
Influence of spacing on mechanically transplanted seagrass survival in a high 
wave energy regime. Restoration Ecology 11: 56-61. 
Paling, E.I., van Keulen, M., Wheeler, K., Phillips, J., Dyhrberg, R., and Lord, D.A. 
(2001b) Improving mechanical seagrass transplantation. Ecological Engineering 
18: 107-113. 
Paling, E.I., van Keulen, M., Wheeler, K., and Walker, C.J. (2000) Effects of depth on 
manual transplantation of the seagrass Amphibolis griffithii (J.M. Black) den 
Hartog on Success Bank, Western Australia. Pacific Conservation Biology 5: 
314-320. 
Parkhill, J.-P., Maillet, G., and Cullen, J.J. (2001) Fluorescence-based maximal 
quantum yield for PSII as a diagnostic of nutrient stress. Journal of Phycology 
37: 517-529. 
Perrings, C., Maler, K.-G., Folke, C., Holling, C.S., and Jansson, B.-O. (1995) 
Biodiversity Loss Economic and Ecological Issues. Cambridge: Cambridge 
University Press.  
 
121
Phillips, R.C. (1974) Transplantation of seagrasses, with special emphasis on eelgrass, 
Zostera marina. Aquaculture 4: 161-176. 
Phillips, R.C. (1990) Transplant methods. In  Seagrass Research Methods. Phillips, 
R.C., and McRoy, C.P. (eds). Paris: UNESCO, pp. 51-54. 
Phillips, R.C., and Lewis, R.R. (1983) Influence of environmental gradients of 
variations in leaf widths and transplant success in North American seagrasses. 
Marine Technical Society Journal 17: 59-68. 
Piazzi, L., Balata, D., Cinelli, F., and Benedetti-Cecchi, L. (2004) Patterns of spatial 
variability in epiphytes of Posidonia oceanica - Differences between a disturbed 
and two reference locations. Aquatic Botany 79: 345-356. 
Pirc, H. (1986) Seasonal aspects of photosynthesis in Posidonia oceanica: influence of 
depth, temperature and light intensity. Aquatic Botany 26: 203-212. 
Platt, T., Gallegos, C.L., and Harrison, W.G. (1980) Photoinhibition of photosynthesis 
in natural assemblages of marine phytoplankton. Journal of Marine Research 
38: 687-701. 
Plus, M., Auby, I., Verlaque, M., and Levavasseur, G. (2005) Seasonal variations in 
photosynthetic irradiance response curves of macrophytes from a Mediterranean 
coastal lagoon. Aquatic Botany 81: 157-173. 
Poiner, I.R., and Peterken, C. (1995) Seagrasses. In State of the Marine Environment 
Report for Australia. Technical Annex 1. The Marine Environment. Zann, L.P., 
and Kailola, P. (eds). Townsville: Published by the Great Barrier Reef Marine 
Park Authority for the Department of the Environment, Sport and Territories, 
Ocean Rescue 2000 Program, pp. 107-117. 
Ralph, P.J. (1996) Diurnal photosynthetic patterns of Halophila ovalis (R. Br.). In 
Seagrass biology: proceedings of an international workshop, Rottnest Island, 
Western Australia, 25-59 January 1996. Kuo, J., Phillips, R.C., Walker, D.I., 
and Kirkman, H. (eds). Nedlands: University of Western Australia, pp. 197-202. 
Ralph, P.J. (1998a) Photosynthetic response of Halophila ovalis (R. Br.) Hook. f. to 
osmotic stress. Journal of Experimental Marine Biology and Ecology 227: 203-
220. 
Ralph, P.J. (1998b) Photosynthetic response of laboratory-cultured Halophila ovalis to 
thermal stress. Marine Ecology Progress Series 171: 123-130. 
Ralph, P.J. (1999) Light-induced photoinhibitory stress responses of laboratory-cultured 
Halophila ovalis. Botanica Marina 42: 11-22. 
Ralph, P.J., and Burchett, M.D. (1995) Photosynthetic responses of the seagrass 
Halophila ovalis (R. Br.) Hook. f. to high irradiance stress, using chlorophyll a 
fluorescence. Aquatic Botany 51: 55-66. 
Ralph, P.J., and Burchett, M.D. (1998a) Impact of petrochemicals on the photosynthesis 
of Halophila ovalis using chlorophyll fluorescence. Marine Pollution Bulletin 
36: 429-436.  
 
122
Ralph, P.J., and Burchett, M.D. (1998b) Photosynthetic response of Halophila ovalis to 
heavy metal stress. Environmental Pollution 103: 91-101. 
Ralph, P.J., and Gademann, R. (1999) Photosynthesis of the seagrass Posidonia 
australis Hook. f and associated epiphytes, measured by in situ fluorescence 
analysis. In The seagrass flora and fauna of Rottnest Island, Western Australia. 
Walker, D.I., and Wells, F.E. (eds). Perth: Western Australian Museum. 
Ralph, P.J., and Gademann, R. (2005) Rapid light curves: a powerful tool to assess 
photosynthetic activity. Aquatic Botany 82: 222-237. 
Ralph, P.J., Gademann, R., and Dennison, W.C. (1998) In situ seagrass photosynthesis 
measured using a submersible, pulse-amplitude modulated fluorometer. Marine 
Biology 132: 367-373. 
Ralph, P.J., Macinnis-Ng, C.M.O., and Frankart, C. (2005) Fluorescence imaging 
application: effect of leaf age on seagrass photokinetics. Aquatic Botany 81: 69-
84. 
Ramírez-García, P., Lot, A., Duarte, C.M., Terrados, J., and Agawin, N.S.R. (1998) 
Bathymetric distribution, biomass and growth dynamics of intertidal 
Phyllospadix scouleri and Phyllospadix torreyi in Baja California (Mexico). 
Marine Ecology Progress Series 173: 13-23. 
Rivers, D.O., and Short, F.T. (in review) Impact of grazing by Canada geese (Branta 
canadensis L.) on an intertidal eelgrass (Zostera marina L.) meadow, on the 
border of New Hampshire and Maine, USA. Marine Ecology Progress Series. 
Robertson, E.L. (1984) Seagrasses. In The Marine Benthic Flora of Southern Australia 
Part 1. Womersley, H.B.S. (ed). South Australia: Government Printer, pp. 57-
122. 
Rohácek, K., and Barták, M. (1999) Technique of the modulated chlorophyll 
fluorescence: basic concepts, useful parameters, and some applications. 
Photosynthetica 37: 339-363. 
Ruiz, J.M., and Romero, J. (2001) Effects of in situ experimental shading on the 
Mediterranean seagrass Posidonia oceanica. Marine Ecology Progress Series 
215: 107-120. 
Ruiz, J.M., and Romero, J. (2003) Effects of disturbances caused by coastal 
constructions on spatial structure, growth dynamics and photosynthesis of the 
seagrass Posidonia oceanica. Marine Pollution Bulletin 46: 1523-1533. 
Runcie, J.W., and Durako, M.J. (2004) Among-shoot variability and leaf-specific 
absorptance characteristics affect diel estimates of in situ electron transport of 
Posidonia australis. Aquatic Botany 80: 209-220. 
Runcie, J.W., and Riddle, M.J. (2004) Measuring variability in chlorophyll 
fluorescence-derived photosynthetic parameters measured in situ with a 
programmable multi-channel fluorometer. Functional Plant Biology  31: 559-
562.  
 
123
Schreiber, U. (1997) Chlorophyll fluorescence and photosynthetic energy conversion: 
Simple introductory experiments with the TEACHING-PAM Chlorophyll 
Fluorometer. Effeltrich, Germany: Heinz Walz GmbH. 
Schreiber, U. (in press) Pulse-amplitude (PAM) fluorometry and saturation pulse 
method.  In  Chlorophyll Fluorescence: A Signature of Photosynthesis. 
Papageorgiou, G., and Govindjee (eds). Dordrecht: Kluwer Academic 
Publishers. 
Schreiber, U., and Bilger, W. (1987) Rapid assessment of stress effects on plant leaves 
by chlorophyll fluorescence measurements. In  Plant response to stress. 
Functional analysis in Mediterranean ecosystems. Tenhunen, J.D., Catarino, 
F.M., Lange, O.L., and Oechel, W.C. (eds). Berlin: Springer-Verlag, pp. 27-53. 
Schreiber, U., and Bilger, W. (1993) III. Progress in chlorophyll fluorescence research: 
Major developments during the past years in retrospect. Progress in Botany 54: 
151-173. 
Schreiber, U., Bilger, W., and Neubauer, C. (1994) Chlorophyll fluorescence as a non-
intrusive indicator for rapid assessment of in vivo photosynthesis. In 
Ecophysiology of photosynthesis. Schulze, E.D., and Caldwell, M.M. (eds). 
Berlin: Springer-Verlag, pp. 49-70. 
Schreiber, U., Hormann, H., Neubauer, C., and Klughammer, C. (1995) Assessment of 
photosystem II photochemical quantum yield by chlorophyll fluorescence 
quenching analysis. Australian Journal of Plant Physiology 22: 209-220. 
Schreiber, U., Schliwa, U., and Bilger, W. (1986) Continuous recording of 
photochemical and non-photochemical chlorophyll fluorescence quenching with 
a new type of modulation fluorometer. Photosynthesis Research 10: 51-62. 
Schumacher, G.J., and Whitford, L.A. (1965) Respiration and P
32 uptake in various 
species of freshwater algae as affected by a current. Journal of Phycology 1: 78-
80. 
Schwarz, A.-M., and Hellblom, F. (2002) The photosynthetic light response of 
Halophila stipulacea growing along a depth gradient in the Gulf of Aqaba, the 
Red Sea. Aquatic Botany 74: 263-272. 
Seaton, G.G.R., and Walker, D.I. (1990) Chlorophyll fluorescence as a measure of 
photosynthetic carbon assimilation. Proceedings of the Royal Society of London 
Series B 242: 29-35. 
Seddon, S., and Cheshire, A.C. (2001) Photosynthetic response of Amphibolis 
antarctica and Posidonia australis to temperature and desiccation using 
chlorophyll fluorescence. Marine Ecology Progress Series 220: 119-130. 
Sheridan, P., Henderson, C., and McMahan, G. (2003) Fauna of natural seagrass and 
transplanted  Halodule wrightii (Shoalgrass) beds in Galveston Bay, Texas. 
Restoration Ecology 11: 139-154. 
Short, C.A., and Short, F.T. (1984) The seagrass filter: purification of estuarine and 
coastal waters. In The Estuary as a Filter. Kennedy, V.S. (ed): Academic Press, 
pp. 395-413.  
 
124
Short, F.T., and Burdick, D.M. (1996) Quantifying eelgrass habitat loss in relation to 
housing development and nitrogen loading in Waquoit Bay, Massachusetts. 
Estuaries 19: 730-739. 
Short, F.T., and Coles, R.G. (2001) Global Seagrass Research Methods. Amsterdam: 
Elsevier Science B.V. 
Short, F.T., and Wyllie-Echeverria, S. (1996) Natural and human-induced disturbance 
of seagrasses. Environmental Conservation 23: 17-27. 
Sibuet, M., and Olu, K. (1998) Biogeography, biodiversity and fluid dependence of 
deep-sea cold-seep communities at active and passive margins. Deep-Sea 
Research II 45: 517-567. 
Silberstein, K., Chiffings, A.W., and McComb, A.J. (1986) The loss of seagrass in 
Cockburn Sound, Western Australia. III. The effect of epiphytes on productivity 
of Posidonia australis Hook. f. Aquatic Botany 24: 355-371. 
Silva, J., and Santos, R. (2003) Daily variation patterns in seagrass photosynthesis along 
a vertical gradient. Marine Ecology Progress Series 257: 37-44. 
Silva, J., and Santos, R. (2004) Can chlorophyll fluorescence be used to estimate 
photosynthetic production in the seagrass Zostera noltii?  Journal of 
Experimental Marine Biology and Ecology 307: 207-216. 
Steedman, R.K., and Craig, P.D. (1983) Wind-driven circulation of Cockburn Sound. 
Australian Journal of Marine and Freshwater Research 34: 187-212. 
Strickland, J.D.H., and Parsons, T.R. (1972) A practical handbook of seawater analysis. 
Ottawa: Fisheries Research Board of Canada. 
Suchanek, T. (1994) Temperate coastal marine communities: biodiversity and threats. 
American Zoologist 34: 100-114. 
Terrados, J., and Duarte, C.M. (2000) Experimental evidence of reduced particle 
resuspension within a seagrass (Posidonia oceanica L.) meadow. Journal of 
Experimental Marine Biology and Ecology 243: 45-53. 
Thayer, G.W., Kenworthy, W.J., and Fonseca, M.S. (1984) The ecology of eelgrass 
meadows of the Atlantic coast: a community profile: US Fish and Wildlife 
Service, Slidell, Los Angeles (FWS/OBS-84/24). 
Thorhaug, A. (1983) Habitat restoration after pipeline construction in a tropical estuary: 
seagrasses. Marine Pollution Bulletin 14: 422-425. 
Thorhaug, A. (1985) Large scale seagrass restoration in a damaged estuary. Marine 
Pollution Bulletin 16: 55-62. 
Thorhaug, A. (1986) Review of seagrass restoration efforts. Ambio 15: 110-117. 
Touchette, B.W., and Burkholder, J.M. (2000) Overview of the physiological ecology of 
carbon metabolism in seagrasses. Journal of Experimental Marine Biology and 
Ecology 250: 169-205.  
 
125
Tunbridge, D.J. (2000) The feasibility of seagrass rehabilitation in Cockburn Sound, 
Western Australia: A comparison of manual transplantation methodology using 
Posidonia sinuosa Cambridge et Kuo. Honours Thesis. Perth: Murdoch 
University, p. 108. 
Tyler, P.A., and Young, C.M. (2003) Dispersal at hydrothermal vents: a summary of 
recent progress. Hydrobiologia 503: 9-19. 
Uhrin, A.V., and Holmquist, J.G. (2003) Effects of propeller scarring on macrofaunal 
use of the seagrass Thalassia testudinum. Marine Ecology Progress Series 250: 
61-70. 
Umbreit, W.W., Burris, R.H., and Stauffer, J.F. (1972) Manometric and Biochemical 
Techniques. Minneapolis: Burgess Publishing Company. 
Underwood, A.J. (1992) Beyond BACI: the detection of environmental impacts on 
populations in the real, but variable, world. Journal of Experimental Marine 
Biology and Ecology 161: 145-178. 
Valiela, I., McClelland, J., Hauxwell, J., Behr, P.J., Hersh, D., and Foreman, K. (1997) 
Macroalgal blooms in shallow estuaries: Controls and ecophysiological and 
ecosystem consequences. Limnology and Oceanography 42: 1105-1118. 
Van Dover, C.L. (2000) The ecology of deep-sea hydrothermal vents. Princeton, New 
Jersey: Princeton University Press. 
Van Dover, C.L., German, C.R., Parson, L.M., and Vrijenhoek, R.C. (2002) Evolution 
and biogeography of deep-sea vent and seep invertebrates. Science 95: 1253-
1257. 
van Keulen, M. (1998) Water flow in seagrass ecosystems. Ph.D. Thesis. Perth: 
Murdoch University. 
van Keulen, M., and Borowitzka, M.A. (2003) Seasonal variability in sediment 
distribution along an exposure gradient in a seagrass meadow in Shoalwater 
Bay, Western Australia. Estuarine, Coastal and Shelf Science 57: 587-592. 
van Keulen, M., Paling, E.I., and Walker, C.J. (2003) Effect of planting unit size and 
sediment stabilization on seagrass transplants in Western Australia. Restoration 
Ecology 11: 50-55. 
Vermaat, J.E., Agawin, N., Fortes, M., Uri, J.S., Duarte, C.M., Marbà, N., Enríquez, S., 
and van Vierssen, W. (1996a) The capacity of seagrasses to survive increased 
turbidity and siltation: the significance of growth form and light use. Ambio 25: 
499-504. 
Vermaat, J.E., Agawin, N.S.R., Fortes, M.D., and Uri, J.S. (1996b) The capacity of 
seagrasses to survive increased turbidity and siltation: The significance of 
growth form and light use. Ambio 25: 499-504. 
Vollenweider, R.A. (1974) A manual on methods for measuring primary production in 
aquatic environments. Oxford: Blackwell Scientific Publications.  
 
126
Walker, D.I. (1991) The effect of sea temperature on seagrasses and algae on the 
Western Australian coastline. Journal of the Royal Society of Western Australia 
74: 71-77. 
Walker, D.I. (1994) The effect of size and sediment stabilization on the survival of 
seagrass transplants in Owen Anchorage, Western Australia. Perth: Marine and 
Freshwater Research Laboratory, Murdoch University. 
Walker, D.I., Carruthers, T.J.B., Morrison, P.F., and McComb, A.J. (1996) 
Experimental manipulation of canopy density in a temperate seagrass 
(Amphibolis griffithii (Black) den Hartog) meadow: effects on sediments. In 
Seagrass biology: proceedings of an international workshop, Rottnest Island, 
Western Australia, 25-59 January 1996. Kuo, J., Phillips, R.C., Walker, D.I., 
and Kirkman, H. (eds). Nedlands: University of Western Australia, pp. 117-122. 
Ward, L.G., Kemp, W.M., and Boynton, W.R. (1984) The influence of waves and 
seagrass communities on suspended particulates in an estuarine embayment. 
Marine Geology 59: 85-103. 
Weis, E., and Berry, J.A. (1987) Quantum efficiency of photosystem II in relation to 
'energy'-dependent quenching of chlorophyll fluorescence. Biochimica et 
Biophysica Acta 894: 198-208. 
West, R.J., and Larkum, A.W.D. (1979) Leaf productivity of the seagrass, Posidonia 
australis, in eastern Australian waters. Aquatic Botany 7: 57-65. 
Wetzel, R.G., and Neckles, H.A. (1986) A model of Zostera marina L. photosynthesis 
and growth: simulated effects of select physical-chemical variables and 
biological interactions. Aquatic Botany 26: 307-323. 
White, A.J., and Critchley, C. (1999) Rapid light curves: a new fluorescence method to 
assess the state of the photosynthetic apparatus. Photosynthesis Research 59: 63-
72. 
Whitford, L.A., and Schumacher, G.J. (1961) Effect of current on mineral uptake and 
respiration by a fresh-water alga. Limnology and Oceanography 6: 423-425. 
Whitford, L.A., and Schumacher, G.J. (1964) Effect of current on respiration and 
mineral uptake in Spirogyra and Oedogonium. Ecology 45: 168-170. 
Wiltens, J., Schreiber, U., and Vidaver, W. (1978) Chlorophyll fluorescence induction: 
an indicator of photosynthetic activity in marine algae undergoing desiccation. 
Canadian Journal of Botany 56: 2787-2794. 
Wood, N., and Lavery, P.S. (2000) Monitoring seagrass ecosystem health - the role of 
perception in defining health and indicators. Ecosystem Health 6: 134-148. 
Yakoleva, I.M., and Titlyanov, E.A. (2001) Effect of high visible and UV irradiance on 
subtidal Chondrus crispus: stress, photoinhibition and protective mechanisms. 
Aquatic Botany 71: 47-61. 
Zar, J.H. (1999) Biostatistical Analysis 4
th edition. Upper Saddle River, New Jersey: 
Prentice Hall, Inc.  
 
127
Zieman, J.C. (1974) Methods for the study of growth and production of turtle grass, 
Thalassia testudinum König. Aquaculture 4: 139-143. 
Zieman, J.C. (1976) The ecological effects of physical damage from motor boats on 
turtle grass beds in Southern Florida. Aquatic Botany 2: 127-139. 
 
  
 
128 
9.   Appendix  of  original  data 
Chapter 3:  Seasonal variation in the photosynthetic rates of Posidonia sinuosa, Posidonia australis and Halophila ovalis.   
  ETRmax (µmol electron m
-2 s
-1, mean ± SD) and ΔF/Fm′ (mean ± SD) of Posidonia sinuosa, Posidonia australis and Halophila ovalis, and water 
temperature and ambient irradiance (µmol quanta m
-2 s
-1) at location of RLC measurement at Woodman Point (NA = no sample taken) (data 
corresponds to Figure 6, Table 3, Figure 7, Figure 8 and Figure 9). 
 
Species Date
ETRmax                        
(µmol electron m¯² s¯¹)
ΔF / F m′ Water 
Temp (°C)
Ambient irradiance at 
site of measurement   
(µmol quanta m¯² s¯¹)
 Posidonia sinuosa  10 Oct '03   16.8 ±   8.7 0.27 ± 0.10 18 25-50
22 Oct '03  24.1 ± 06.3 0.51 ± 0.09 20 160-200
05 Nov '03  40.6 ± 06.3 0.39 ± 0.10 20 670-690
16 Dec '03  42.1 ± 03.7 0.43 ± 0.08 21 300-400
19 Mar '03  24.9 ± 04.3 0.62 ± 0.05 22 130-140
5 May '04  19.4 ± 04.6 0.71 ± 0.03 19 130-140
27 May '04   21.0 ±   2.9 0.57 ± 0.05 17 150-160
 Posidonia australis  10 Oct '03   42.8 ± 15.9 0.55 ± 0.04 18 180-300
22 Oct '03  26.7 ± 04.5 0.68 ± 0.02 20 160-200
05 Nov '03  34.9 ± 07.0 0.48 ± 0.11 20 640-660
16 Dec '03   42.3 ± 10.3 0.61 ± 0.08 21 400-470
19 Mar '03  24.5 ± 05.8 0.75 ± 0.06 22 110-120
5 May '04  23.7 ± 12.9 0.59 ± 0.09 19 200-220
27 May '04  20.3 ± 06.4 0.47 ± 0.11 17 180-200
 Halophila ovalis  10 Oct '03  47.2 ± 07.9 0.37 ± 0.07 18 330-340
22 Oct '03  32.0 ± 05.8 0.32 ± 0.05 20 400-700
05 Nov '03  39.3 ± 08.0 0.35 ± 0.09 20 640-660
16 Dec '03   60.1 ± 16.7 0.43 ± 0.04 21 370-470
19 Mar '03  NA NA 22 NA
5 May '04  36.1 ± 04.7 0.59 ± 0.07 19 200-220
27 May '04  22.6 ± 06.7 0.44 ± 0.02 17 250-260  
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Chapter 4:    Diurnal variation in the photosynthesis of Posidonia sinuosa, Posidonia australis and Halophila ovalis 
  Diurnal variation in ETRmax (µmol electron m
-2 s
-1, mean ± SD), ΔF/Fm′ (mean ± SD) and Fv/Fm (mean ± SD) of Posidonia sinuosa, Posidonia 
australis and Halophila ovalis at Woodman Point (data corresponds to  Figure 12, Figure 13 and Figure 14). 
 
Species 
Time 
(h) 
ETRmax              
(µmol electron m
-2 s
-1)  ΔF / Fm′  Fv / Fm 
Posidonia sinuosa  0700   9.0 ±  1.0  0.74 ± 0.04  0.87 ± 0.01 
   0900    16.9 ±  4.6 
a  0.72 ± 0.06  0.87 ± 0.02 
   1100      19.2 ±  6.1
 a b  0.61 ± 0.14  0.83 ± 0.04 
   1300  27.2 ±  7.9  0.67 ± 0.07  0.83 ± 0.02 
   1500  30.7 ±  5.0  0.67 ± 0.07  0.82 ± 0.04 
   1630    22.1 ±  1.1
 b  0.73 ± 0.02  0.83 ± 0.03 
     
 
    
Posidonia australis  0700  11.1 ±  2.8  0.79 ± 0.02  0.88 ± 0.01 
   0900    21.5 ±  2.5 
c  0.77 ± 0.06  0.86 ± 0.02 
   1100  29.9 ±  6.4  0.71 ± 0.07  0.85 ± 0.03 
   1300    38.8 ±  8.4
 d  0.70 ± 0.05  0.83 ± 0.06 
   1500    35.1 ±  3.6
 d  0.67 ± 0.06  0.83 ± 0.04 
   1630    21.5 ±  2.3 
c  0.74 ± 0.03  0.83 ± 0.03 
     
 
    
Halophila ovalis  0700     16.5 ±  4.4
 e  0.76 ± 0.02  0.86 ± 0.03 
   0900    23.5 ±  7.6 
f  0.69 ± 0.03  0.85 ± 0.03 
   1100   32.1 ± 11.2  0.63 ± 0.03  0.82 ± 0.03 
   1300     47.3 ± 15.4
 g  0.57 ± 0.06  0.81 ± 0.04 
   1500     43.3 ±  6.6
 g  0.63 ± 0.09  0.81 ± 0.03 
   1630      21.0 ±  5.6
 e f  0.73 ± 0.01  0.82 ± 0.02  
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Chapter 6:  Photosynthetic recovery and survival of Posidonia sinuosa sprigs and plugs after transplantation.   
  ETRmax (µmol electron m
-2 s
-1, mean ± SD), ΔF/Fm′ (mean ± SD) and Fv/Fm (mean ± SD) of Posidonia sinuosa sprigs before removal for 
transplantation at Parmelia Bank, during transport on the boat, after transplantation at Southern Flats and Southern Flats control meadow (data 
corresponds to Figure 21 and Figure 22). 
 
Date
Date of 
transplant
ETRmax                         
(µmol electron m¯² s¯¹)
ΔF / F m′ F v  / F m
ETRmax                         
(µmol electron m¯² s¯¹)
ΔF / F m′ F v  / F m
ETRmax                         
(µmol electron m¯² s¯¹)
ΔF / F m′ F v  / F m
ETRmax                         
(µmol electron m¯² s¯¹)
ΔF / F m′ F v  / F m
 November  18.2 ± 6.8 0.60 ± 0.16 0.80 ± 0.04  17.0 ± 2.9 0.65 ± 0.10 0.76 ± 0.04  27.2 ±  6.7 0.53 ± 0.13 0.75 ± 0.05  12.9 ±   6.4 0.20 ± 0.14 0.61 ± 0.13  November
 December 20.5 ± 5.3 0.58 ± 0.12 0.76 ± 0.11 15.1 ± 5.2 0.40 ± 0.26 0.72 ± 0.07 34.6 ± 10.4 0.47 ± 0.14 0.71 ± 0.07 27.2 ±  10.0 0.18 ± 0.08 0.52 ± 0.17  November
17.1 ±   3.8 0.15 ± 0.09 0.54 ± 0.16  December
 February 24.2 ± 6.1 0.67 ± 0.15 0.80 ± 0.02 17.4 ± 4.7 0.70 ± 0.08 0.80 ± 0.03 37.6 ± 11.5 0.45 ± 0.19 0.74 ± 0.08 37.4 ±   8.2 0.32 ± 0.17 0.70 ± 0.08  November
42.9 ± 14.7 0.35 ± 0.14 0.70 ± 0.12  December
27.4 ±   6.4 0.29 ± 0.15 0.67 ± 0.12  February
 March 27.5 ±  6.3 0.66 ± 0.09 0.82 ± 0.05 25.7 ±   8.1 0.49 ± 0.09 0.80 ± 0.07  November
27.1 ±   7.5 0.61 ± 0.10 0.83 ± 0.04  December
31.6 ±   5.6 0.49 ± 0.14 0.78 ± 0.07  February
 May 42.4 ±  6.1 0.59 ± 0.06 0.84 ± 0.05 31.6 ±   6.5 0.61 ± 0.08 0.85 ± 0.03  November
41.7 ±  11.6 0.60 ± 0.05 0.83 ± 0.05  December
35.2 ±   6.4 0.59 ± 0.09 0.81 ± 0.05  February
Parmelia Bank Natural Meadow Boat (during transport) Southern Flats Control Meadow Sprig transplants
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Chapter 6:  Photosynthetic recovery and survival of Posidonia sinuosa sprigs and plugs after transplantation.   
  ETRmax (µmol electron m
-2 s
-1, mean ± SD), ΔF/Fm′ (mean ± SD) and Fv/Fm (mean ± SD) of Posidonia sinuosa plugs and sprigs before removal, plug 
sleeve inserted, plug removed and transplanted at Woodman Point and Woodman Point control meadow (data corresponds to Figure 26 and      
Figure 27). 
 
 
Maximum ETR          
(µmol electron m¯² s¯¹)
ΔF / F m′ F v  / F m
Maximum ETR          
(µmol electron m¯² s¯¹)
ΔF / F m′ F v  / F m
Maximum ETR          
(µmol electron m¯² s¯¹)
ΔF / F m′ F v  / F m
Maximum ETR          
(µmol electron m¯² s¯¹)
ΔF / F m′ F v  / F m
Maximum ETR          
(µmol electron m¯² s¯¹)
ΔF / F m′ F v  / F m
February 23 before removal  18.0 ± 2.3 0.71 ± 0.05 0.83 ± 0.04  18.0 ± 2.3 0.71 ± 0.05 0.83 ± 0.04
plug sleeve inserted 23.9 ± 6.2 0.59 ± 0.12 0.81 ± 0.03
plug removed 27.5 ± 7.7 0.41 ± 0.16 0.76 ± 0.04
transplanted 24.3 ± 5.7 0.45 ± 0.05 0.69 ± 0.10
February 24 before removal 19.0 ± 5.6 0.68 ± 0.05 0.81 ± 0.03 19.0 ± 5.6 0.68 ± 0.05 0.81 ± 0.03
plug sleeve inserted 18.8 ± 6.3 0.67 ± 0.07 0.81 ± 0.04
plug removed 19.7 ± 5.5 0.53 ± 0.07 0.82 ± 0.05
transplanted 18.5 ± 5.4 0.47 ± 0.05 0.78 ± 0.05
February 25 before removal 15.9 ± 4.6 0.58 ± 0.08 0.81 ± 0.02 15.9 ± 04.6 0.58 ± 0.08 0.81 ± 0.02 15.9 ± 4.6 0.58 ± 0.08 0.81 ± 0.02
plug sleeve inserted 24.9 ± 07.1 0.60 ± 0.11 0.81 ± 0.06
plug removed 24.6 ± 07.2 0.44 ± 0.07 0.79 ± 0.06
transplanted 32.1 ± 07.1 0.46 ± 0.03 0.73 ± 0.11 25.7 ± 9.6 0.34 ± 0.11 0.63 ± 0.07
March 3  40.1 ± 7.2 0.72 ± 0.04 0.85 ± 0.05 36.7 ± 11.5 0.42 ± 0.07 0.73 ± 0.10 34.4 ± 4.1 0.45 ± 0.08 0.71 ± 0.05 34.4 ± 8.8 0.51 ± 0.10 0.73 ± 0.04 31.3 ± 6.7 0.34 ± 0.11 0.73 ± 0.07
March 10  26.2 ± 4.2 0.73 ± 0.04 0.85 ± 0.03 27.2 ± 05.0 0.62 ± 0.07 0.81 ± 0.07 21.9 ± 6.6 0.65 ± 0.09 0.78 ± 0.05 25.0 ± 6.6 0.60 ± 0.15 0.83 ± 0.07 23.3± 6.3 0.46 ± 0.14 0.70 ± 0.14
March 17  23.6 ± 7.4 0.64 ± 0.09 0.81 ± 0.03 23.4 ± 06.1 0.41 ± 0.11 0.75 ± 0.10 23.1 ± 5.4 0.47 ± 0.11 0.78 ± 0.05 20.7 ± 4.6 0.51 ± 0.14 0.75 ± 0.09 22.4 ± 5.4 0.42 ± 0.13 0.74 ± 0.11
March 31  29.7 ± 6.4 0.66 ± 0.06 0.84 ± 0.03 27.2 ± 02.3 0.52 ± 0.07 0.79 ± 0.05 27.4 ± 3.6 0.57 ± 0.05 0.82 ± 0.03 29.5 ± 5.2 0.64 ± 0.08 0.84 ± 0.02 30.1 ± 2.0 0.48 ± 0.06 0.80 ± 0.07
April 8 17.4 ± 4.1 0.74 ± 0.01 0.85 ± 0.03 none surviving 20.7 ± 2.2 0.67 ± 0.03 0.86 ± 0.02 15.8 ± 3.6 0.69 ± 0.02 0.84 ± 0.04 22.4 ± 5.2 0.66 ± 0.03 0.81 ± 0.01
July 5 11.5 ± 0.6 0.76 ± 0.03 0.87 ± 0.02 none surviving 12.4 ± 0.0 0.58 ± 0.00 0.83 ± 0.00 10.7 ± 1.2 0.70 ± 0.02 0.88 ± 0.00 15.7 ± 0.0 0.65 ± 0.00 0.87 ± 0.00
15 cm plugs sprigs Date Woodman Point Control Meadow 5 cm plugs 10 cm plugs
 
 
 